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Abstract 
 

Ammonia is useful chemical. About 80% of ammonia is used for fertilisers, while the remainder 

is used for various industrial applications, such as plastics, explosives and synthetic fibres. While the 

use of ammonia as a fuel show promise in the context of clean energy transitions. Ammonia as a ferti-

lizer, raise one third of the population. 50% of the protein nitrogen in human body comes from ammonia 

fertilizers. Most of ammonia is produced by the traditional HB process, using natural gas as the raw 

material under high temperature and pressure conditions. Through this method, global ammonia pro-

duction exceeds 200 million tons. It accounts for about 2% of the world's energy consumption and 

generates 3% of carbon dioxide emissions. Recently, due to the war between Ukraine and Russia, the 

price of natural gas has risen more than 10 times. Affected by the rise in raw materials, the price of 

fertilizers has more than tripled. The population of the earth has exceeded 8 billion in this year. So, to 

raise 8 billion population, the world needs more ammonia in the future, but can't afford more for econ-

omy and environment. On the other hand, nitrate exists in nature in large quantities as a common pol-

lutant. High concentrations of nitrate in the water table can cause drinking water to become toxic. High 

levels of nitrate in surface waters will cause overstimulation of algal growth, such as blooms. These 

blooms block sunlight and create anoxic zones which create an un-inhabitable environment for marine 

life, often referred to as eutrophication. Treating water contaminated with nitrates costs a lot of money 

every year. With the aim to tackle this problem and recycle the fixed nitrogen, electrochemical nitrate 

reduction serves as a “two birds-one stone” approach as nitrate can be potentially converted to ammonia. 

In this dissertation, the mechanism of electrochemical nitrate reduction to ammonia was studied 

in depth, and the influence of various metal catalysts on the reaction was discussed. In Chapter 2, we 

combine density functional theory (DFT) and experimental methods to reveal the important role of 

nitrate adsorption energy in determining the reactivity. This finding sheds new light on understanding 

key steps in the electrochemical ammonia synthesis process. 

In the study in Chapter 3, we systematically compared different metal catalysts and found that 

copper and cobalt metal catalysts exhibited excellent catalytic performance. Further research shows that 

the performance of copper and cobalt-based catalysts is likely to be directly affected by the element 

species, which provides important clues for the design of more efficient catalysts. 

The Chapter 4 focuses on Co3O4 catalysts, and Co3O4-CP is obtained by electrodeposition on car-

bon paper. This catalyst not only exhibits a rate exceeding that of conventional HB in ammonia synthe-

sis, but also maintains a Faradaic efficiency of nearly 100% for a long time, showing broad application 

potential. This finding contributes a new strategy for the development of sustainable ammonia synthesis 

technology. 



IV 

In summary, this study systematically investigated the mechanism of electrochemical nitrate re-

duction to ammonia and the performance of various metal catalysts. These findings have important 

implications for understanding the principles of key steps in the ammonia synthesis process and opti-

mizing catalyst design. In addition, our research results also provide a valuable reference for realizing 

efficient and sustainable ammonia synthesis technology. 
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Chapter 1 General Introduction 

1-1 Crucial Compound – Ammonia 

Ammonia (NH3) is a colorless gas with a strong odor at room temperature and pressure. It was 

purified and isolated by Joseph Priestley, Joseph Black, Carl Wilhelm Scheele and Peter Woulfe. The 

chemical composition was first determined in the research of Claude Louis Berthollet in the eighteenth 

century. Because of its excellent solubility in water, it is often used as an important source of alkaline 

nitrogen in the chemical industry. Ammonia is used as a raw material or intermediate in the production 

of plastics, fibers, explosives, nitric acid, as well as dyes and pharmaceuticals. About 80% of the am-

monia is used to make fertilizers such as urea, ammonium nitrate, calcium ammonium nitrate, diammo-

nium phosphate and urea ammonium nitrate. Ammonia is also the cornerstone of the synthesis of many 

pharmaceutical and chemical products. 

 Although most of ammonia is currently used to produce fertilizers, it is also considered a high 

energy density carbon-free fuel and hydrogen carrier. Using ammonia as a fuel to react with oxygen in 

a fuel cell can quietly release energy and only produce water and nitrogen. It is a green fuel with abso-

lutely no greenhouse gas emissions. Compared to hydrogen, the volumetric energy density of liquid 

ammonia (12,822 MJ/m3) is higher than that of liquid hydrogen (8496 MJ/m3) [1]. What's more, hydro-

gen liquefaction is expensive, it needs to be cooled to -253 °C, and the energy loss is large (the energy 

required for hydrogen liquefaction is 30% of the liquefied hydrogen combustion capacity), and there is 

inevitable evaporation loss. The liquefaction temperature of ammonia is only −33 °C, and it can be 

easily stored in steel cylinders at one-sixteenth the cost of hydrogen [2]. 

3NH3 + 3O2 → 2N2 + 6H2O 

Humans have a long history of utilizing ammonia. When human society entered the agricultural 

era, farmers would fertilize in various ways in different parts of the world. In Asia, humans scattered 

their excrement in rice fields. In Europe and America, humans pulverized animal bones for used as 

fertilizer. Until Justus Fresher von Liebig discovered that nitrogen can be supplied in the form of am-

monia and recognized the possibility of replacing natural fertilizers with chemical fertilizers in 1840. 

After that, the demand for ammonia used as a fertilizer and as a raw material for industry has been 

growing steadily along with the population growth. The Chincha Islands in Peru were developed for 

their ammonia-rich guano deposits and exported to Europe and the Americas in the 1860s. Until more 

than 10 million tons of guano deposits are completely exhausted. Subsequently, research began on the 

source of ammonia minerals to replace guano. The large quantities of saltpeter in the Atacama Desert 

were developed as new fertilizers. But these non-renewable resources were predicted at the beginning 

of the twentieth century to be unable to meet the needs of human society in the future. To ensure food 
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security for a growing population, a new economical and reliable method of obtaining ammonia must 

be developed. 

Food security problem was particularly serious in Germany. Germany's arable land is barren, and 

food production relies heavily on saltpeter imported from Chile. Influenced by this, in 1895, German 

chemists Adolf Frank and Nikodem Caro successfully used calcium carbide reacted with nitrogen to 

obtain nitrolime. Then continue to react with water to obtain ammonia fertilizer. 

CaC2 + N2 → CaCN2 + C (1-1) 

CaCN2 + 3H2O → CaCO3 + 2NH3(1-2) 

The CaC2 powder and N2 reacted for several hours and maintained a high temperature in excess of 

1000°C, producing about 0.005% ammonia [3]. This is the first breakthrough in human history to syn-

thesize ammonia from atmospheric nitrogen, albeit with poor efficiency. Since 1908, five ammonia 

fertilizer plants have been established in Germany with a total capacity of 500,000 tons per year. It was 

the cheapest ammonia fertilizer available at the time and had additional efficacy against weeds and plant 

pests, giving it a great advantage over traditional fertilizers. 

During the ensuing World War I, the Allies blocked the German trade in raw materials. Therefore, 

there is a need to find a more efficient way to prepare ammonia as a precursor for explosives or as a 

fertilizer. 

N2 + 3H2 ⇆ 2NH3(1-3) 

In 1913, Fritz Haber and Carl Bosch developed a new method called Haber-Bosch process to syn-

thesize ammonia. This method uses Fe as a catalyst and nitrogen and hydrogen as raw materials to 

synthesize ammonia under the conditions of 200 atmospheres and 400°C. The Haber-Bosch process 

can achieve ammonia yields as high as 20 % under such conditions. This revolutionary technological 

advance has greatly reduced the energy demand of the ammonia synthesis industry and made possible 

large-scale industrial synthesis of ammonia. For this, Fritz Haber was awarded the Nobel Prize in Chem-

istry in 1918. The Haber-Bosch process freed human beings from the passive situation of relying only 

on natural nitrogen fertilizer mineral resources, especially sodium nitrate, which accelerated the devel-

opment of world agriculture and greatly increased food production [4]. At present, there is 235 million 

tons of synthetic ammonia in the world, with sales exceeding 100 billion US dollars. More than 40% of 

the world's population relies on fertilizers for food production, and more than 50% of the nitrogen in 

the human body comes from synthetic ammonia [5].  

All in all, ammonia is an important chemical, whether it is used as a fertilizer to feed humans or 

as a green fuel. Human society needs more ammonia but cannot afford more emissions.  
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1-2 Potential green ammonia synthesis technology 

 

Today, more than 200 million tons of ammonia is produced annually through the Haber-Bosch 

process to meet the needs of human society. It requires a source of H2 gas, which is generated from 

natural gas in a reaction using pressurized superheated steam. Carbon dioxide is left behind, accounting 

for about 50 % of the emissions from the entire process. The second feedstock N2 gas is easily collected 

from air, which contains 78% nitrogen. But creating the pressure needed to fuse hydrogen and nitrogen 

in a reactor consumes more fossil fuel, which means more CO2. Emissions add up: Ammonia production 

consumes about 2% of global energy and generates 3% of CO2 [5]. 

The price of natural gas, an important feedstock for ammonia synthesis, has skyrocketed recently 

due to the war between Russia and Ukraine. As of August 2022 in Japan, liquefied natural gas import 

prices have raised 10 times compared to 2019. This has directly led to the increase in the price of chem-

ical fertilizers, and ammonia fertilizers represented by urea have risen by 260 %. Therefore, it is very 

attractive to develop a new technology to replace the Haber-Bosch process that has been used for more 

than a century, whether it is to feed the more than 7.7 billion people on the planet or reduce carbon 

emissions.  

 

1-2-1 Electrocatalytic reduction of nitrogen to ammonia 

 

As an environmentally friendly NH3 synthesis technology, electrocatalytic reduction nitrogen un-

der ambient conditions is considered as a promising alternative to the energy-intensive Haber-Bosch 

process. More and more research has been devoted to this topic recently, with over 500 papers published 

in this field in the past 5 years [6]. This method uses H2O and N2 as raw materials, and relies on elec-

tricity as the driving force to gently produce ammonia. The whole process is completely carbon-free.  

2N2 + 6H2O → 4NH3 + 3O2(1-4) 

Despite the great practical value of this approach, unsatisfactory catalytic activity and selectivity 

remains a major obstacle. Low Faradaic efficiency (FE) and ammonia yield rate limit its practical ap-

plication.   
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In order to find an efficient catalyst for the reduction of nitrogen to ammonia, it is first necessary 

to understand the reaction mechanism. For ammonia synthesis in aqueous solution, it is generally car-

ried out by 6 electron transfer.  

N2 + 6H+ + 6e− → 2NH3(1-5) 

This reaction mechanism consists of dissociation and association, which mainly involve distal, 

alternating, and enzymatic pathways as shown in Fig.1-1 [7]. For the dissociative mechanism, the triple 

bond of the nitrogen molecule adsorbed on the catalyst may be cleaved before protonation as shown in 

Fig. 1-1a. Subsequently, the nitrogen atom remaining on the surface of catalyst is independently trans-

formed into NH3 and released. Since breaking triple bonds requires a large amount of energy (941 

kJ/mol), this explains why the Haber-Bosch process following the dissociation pathway requires ex-

treme conditions to operate. For the associative pathway, it includes 3 parts: (1) adsorption of nitrogen 

on the surface of catalyst; (2) triple bond of nitrogen split and step-by-step protonation; (3) the departure 

of the product. First, a nitrogen molecule is adsorbed onto catalytic active sites (*) without requiring 

much energy to directly break the triple bond, as follows: 

 

𝑁2 + ∗→ ∗ 𝑁2(1-6) 

∗ 𝑁2 + 𝑒− + 𝐻+ → ∗ 𝑁𝑁𝐻(1-7) 

∗ 𝑁𝑁𝐻 + 𝑒− + 𝐻+ →∗ 𝑁𝑁𝐻2(1-8) 

∗ 𝑁𝑁𝐻2 + 𝑒− + 𝐻+ →∗ 𝑁 + 𝑁𝐻3(1-9) 

∗ 𝑁 + 3𝑒− + 3𝐻+ → 𝑁𝐻3 + ∗(1-10) 

The activation energy for ammonia synthesis (12.3 kJ/mol) via the associative pathway is much 

lower than that of the Haber-Bosch process [8]. According to the different protonation sequence and 

direction of nitrogen atoms, it is divided into distal or alternating as shown in Fig. 1-1b and 1-1c. The 

first way in which hydrogen atoms are added to the outer nitrogen atoms is by associating distal path-

ways. After synthesizing an ammonia molecule and leaving the catalyst surface, the hydrogen atom 

continues to react with another nitrogen atom to form ammonia, as follow:  

 

∗ 𝑁2 + 3𝑒− + 3𝐻+ →  𝑁𝐻3 +∗ 𝑁(1-11) 

∗ 𝑁 + 3𝑒− + 3𝐻+ → 𝑁𝐻3 + ∗(1-12) 

 

For the associative alternation pathway, the two nitrogen atoms are successively reacted by the 

hydrogen atoms until finally the two products ammonia is released simultaneously: 

 

∗ 𝑁2 + 4𝑒− + 4𝐻+ →∗ 𝑁𝐻2𝑁𝐻2(1-13) 

∗  𝑁𝐻2𝑁𝐻2 + 2𝑒− + 2𝐻+ → 2𝑁𝐻3 +∗(1-14) 
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Fig. 1-1. Schematic illustration of the three mechanisms for electrocatalytic nitrogen reduction to 

ammonia [9]. 

 

These mechanisms allow electrochemical nitrogen reduction to ammonia to proceed without high 

temperature or pressure. Since the first step in the mechanism of the reaction is nitrogen adsorption and 

activation on the catalyst surface, the interaction between nitrogen and catalyst is an important prereq-

uisite to start the catalytic reaction.  According to the Sabatier principle, the catalyst-reactant bond can 

neither be too weak nor too strong [10]. Too weak makes the catalyst less likely to adsorb and activate 

the reactants. Too strong will poison the catalyst surface, and both will severely impair catalytic activity. 

Metal elements with moderate binding force, such as Ru, Rh, and Ir, show enhanced catalytic perfor-

mance.  

Both theoretical and experimental studies have shown that the electrons in the unfilled d orbitals 

in the catalyst can promote the catalytic reaction [11, 12]. Some metal elements (Au, Ag, Ru, Rh, Ir, 
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Pd, Pt, Re and Os) containing unfilled d orbitals can also show strong catalytic performance. The com-

petitive hydrogen evolution reaction (HER) directly affects the efficiency of reaction, since the reaction 

potential of HER (0 VRHE, RHE: reversible hydrogen electrode) is very close to that of nitrogen reduc-

tion (0.1 VRHE). Therefore, metals (Ag and Au) with extremely poor HER reactivity can also achieve 

better catalytic activity.  

 

Table 1-1 Catalytic performance of catalysts for nitrogen reduction to ammonia. 

Catalyst 
NH3 detection 

method 
NH3 yield rate FE (%) Ref. 

Au nanorods Nessler’s reagent 
1.648 µg h−1 cm−2 

 at −0.2 VRHE 
4.0 [13] 

Au clusters Indophenol blue 
18.9 µg h−1 cm−2  

at −0.2 VRHE 
37.8 [14] 

Au film Indophenol blue 
30.5 µg h−1 mgcat.

−1 

 at −0.2 VRHE 

5.0 at −0.2 

VRHE 
[15] 

Au nanostar 
Nessler’s reagent 

Indophenol blue 

2.6 μg h–1 cm–2  

at −0.2 VRHE 
10.2 

 

[16] 

Au/TiO2  Salicylate method 
21.4 µg h−1 mgcat.

−1  

at −0.2 VRHE 
8.1 [17] 

Au-Fe3O4  Indophenol blue 
21.42 µg h−1 mgcat.

−1 at 

−0.2 VRHE 
10.5 [18] 

Au/WO3−x  Indophenol blue 
23.15 µg h−1 mgcat.

−1 at 

−0.2 VRHE 
14.7 [19] 

Au/CoOx  Indophenol blue 
15.1 μg h−1cm−2 

 at −0.5 VRHE 
19 [20] 

Au/TiO2  Nessler’s reagent  
64.6 µg h−1 mgcat.

−1 

 at −0.4 VRHE 
29.5 [21] 

Au/Ti3C2  Indophenol blue 30.06 µg h−1 mgcat.
−1 18.3 [22] 

Au/CeOx Indophenol blue 8.3 µg h−1 mgcat.
−1 10.1 [23] 

B-Ag  Nessler’s reagent 26.48 µg h−1 mgcat.
−1 8.9 [24] 

BD-Ag/AF  Indophenol blue 
2.07 × 10–11 mol s–1 

cm–2 at −0.6VRHE 

7.4, at 

−0.6 VRHE 
[25] 

Ag/CPE  Indophenol blue 
4.62× 10–11 mol s–1 

cm–2 at −0.6 VRHE 

4.8, at 

−0.6VRHE 
[26] 

Ag-rGO Indophenol blue 
18.86 µg h−1 mgcat.

−1 at 

−0.7 VRHE 

3.6, at 

− 0.7 VRHE 
[27] 

AgTPs Indophenol blue 
58.5 µg h−1 mgcat.

−1  

at −0.25 VRHE 

25, at 

−0.25 VRHE. 
[28] 

Ru/C Ion chromatography 
0.25 µg h−1 cm−2  

at −0.96 VAg/AgCl 

0.9 

 
[29] 
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0.21 µg h−1 cm−2 

 at −1.10 VAg/AgCl 

0.3 

Ru NPs Indophenol blue 
24.88 µg h−1 mgcat.

−1 at 

−0.15 VRHE 
0.4 [30] 

Ru NPs Indophenol blue 

5.5 mg h−1 cm−2 

 at −0.1 VRHE 
5.4 [31] 

21.4 mg h−1 cm−2  

at −0.1 VRHE 

Ru-PEI Indophenol blue 
188.90 µg h−1 mgcat.

−1 

at −0.2 VRHE 
30.9 [32] 

Ru  Indophenol blue 
23.88 µg h−1 mgcat.

−1 at 

−0.2 VRHE 
0.2 [33] 

3D Rh Indophenol blue 
35.58 µg h−1 mgcat

−1 at 

−0.2 VRHE 
1.2 [34] 

Ru/Ti Salicylate method 
7.31 µg h−1 cm−2  

at 2 mA cm−2 
- [35] 

Rh/Ti Salicylate method 
0.918 µg h−1 cm−2 

 at 2 mA cm−2 
- [35] 

np-PdH0.43 Indophenol blue 
20.4 µg h−1 mgcat.

−1  

at −0.15 VRHE 
43.6 [36] 

Pt/TiO2 

Indophenol blue 

2520.5 µg h−1 mgcat.
−1 

at −0.1 VRHE 
1.6 [37] 

Pd/TiO2 
1847.3 µg h−1 mgcat.

−1 

at −0.1 VRHE 
2.6 [37] 

Pd/C Indophenol blue 
4.5 µg h−1 mgPd

−1 

 at  -0.1 VRHE 

8.2 at -

0.1 VRHE 
[38] 

30 wt% Pt/C Nessler’s reagent 
69.8 µg h−1 cm−2 

 at 1.6 V cell voltage 
0.5 [39] 

30 wt% Pt/C Nessler’s reagent 
9.37 × 10−6 mol m−2 

s−1 at 1.2 V cell voltage 
0.8 [40] 

Pt NPs Indophenol blue 
4.049 × 10−11 mol s−1 

cm−2 at 0.5 V cell voltage 
0.01 [41] 

Pt-HEX Indophenol blue 
26.4 μg h−1 cm−2  

at −0.3 VRHE 
1.8 [42] 

Pt-FeP/C Indophenol blue 
10.22 μg h−1 cm−2 

 at −0.05 VRHE 
15.3 [43] 

Pt/TiO2–x NA Indophenol blue 
4.81 × 10–10 mol s–1 

cm–2 at –0.35 VRHE 

14.9 at 

–0.35 VRHE 
[44] 

Ir  Indophenol blue 
2.763 × 10−11 mol s−1 

cm−2 at 0.25 V cell voltage 
0.1 [41] 

Ir/C Nessler’s reagent 
2.09×10−12 mol s−1 

cmECSA
−2 at –0.4 VRHE 

0.02 [45] 

AuP/NF Indophenol blue 
36.52 μg h−1 μgcat

−1 at 

–0.2 VRHE 
20.3 [46] 

Au1/C3N4 Indophenol blue 
1305 µg h−1 mgcat.

−1 at 

−0.1 VRHE 
11.1 [47] 
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Au1/C3N4 Indophenol blue 
2.32 µg h−1 cm−2  

at −0.2 VRHE 
12.3 [48] 

SA-Ag/NC 

Indophenol blue 

 Ion chromatog-

raphy 

270.9 µg h−1 mgcat.
−1 at 

−0.6 VRHE 
21.9 [49] 

Pt SAs/WO3 15N isotope 
342.4 µg h−1 mgcat.

−1 at 

−0.2 VRHE  
31.1 [50] 

Ru-Mo2CTX Indophenol blue 40.57 µg h−1 mgcat.
−1 at 

−0.3 VRHE 
25.8 [51] 

Ru1/g-C3N4 Nessler's reagent  
23.0 µg h−1 mgcat.

−1 at 

−0.05 VRHE 
8.3 [52] 

Ru@ZrO2 Indophenol blue 
3665 µg h−1 mgcat.

−1 at 

−0.11 VRHE 
21 [53] 

Ru SAs/N-C Indophenol blue 
120.9 µg h−1 mgcat.

−1 at 

−0.2 VRHE 
29.6 [54] 

Au-Cu  Indophenol blue 
154.91 µg h−1 mgcat.

−1 

at −0.2 VRHE 
55.0 [55] 

Au6/Ni  Nessler reagent  
7.4 μg h–1 mgcat.

−1  

at −0.14 VRHE 
67.8 [56] 

Pt93Ir7  Indophenol blue 
28.0 μg h–1 cm–2  

at −0.3 VRHE 
40.8 [57] 

Pt3Fe NWs Nessler's reagent 
18.3 μg h−1 mg cat −1 at 

−0.05 VRHE 
7.3 [58] 

PdCu NPs Indophenol blue 
35.7 μg h–1 mgcat.

−1 

 at −0.1 VRHE 
11.5 [59] 

Pd-Ag Nessler's reagent  
45.6 μg h–1 cm–2 

at −0.6 VRHE 
19.6 [60] 

Pd1Ag1  
Nessler's reagent  

 Indophenol blue 

24.1 μg h−1 mg−1 

 at −0.2 VRHE 

1.7 at 

−0.0 VRHE 
[61] 

Pd-Co/CuO  Indophenol blue 
10.04 µg h−1 mgcat.

−1 at 

−0.2 VRHE 
2.2 [62] 

PdAgCu  
Nessler’s reagent 

 Indophenol blue 

40.4 µg h−1 mgcat.
−1 

 at −0.2 VRHE 
- [63] 

Pd3Pb  Indophenol blue 
18.2 μg h−1 mgcat

−1  

at −0.2 VRHE 
21.5 [64] 

Au1Co1  
Nessler’s reagent  

Indophenol blue 

36.82 µg h−1 mgcat.
−1 at 

−0.2 VRHE 
22.0 [65] 

Pd0.2Cu0.8 Indophenol blue 
2.80 µg h−1 mgcat.

−1 

 at −0.2 VRHE 

4.5 at 

−0.0 VRHE 
[66] 

CuAg/Ti3C2  Indophenol blue  
4.12 μmol h−1 cm−2 

 at −0.5 VRHE 
9.8 [67] 

RuPt/C Nessler's reagent 
5.1 × 10−9 g s−1 cm−2 at 

−0.123 VRHE 
13.2 [68] 

Ru/Cu2O Indophenol blue 
37.4 µg h−1 mgcat.

−1 

 at −0.2VRHE 
17.1 [69] 

Rh0.6Ru0.4  Indophenol blue 
57.75 μg h−1 mgcat.

−1 at 

−0.2 VRHE 
3.4 [70] 
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PdO/Pd Indophenol blue 
18.2 µg h−1 mgcat.

−1 

 at 0.1 VRHE 
11.5 [71] 

PdP2 Indophenol blue 
30.3 µg h−1

 mgcat.
−1 

 at −0.1 VRHE 
12.6 [72] 

IrP2 Indophenol blue 
94.0 µg h−1 mgcat.

−1 

 at −0.2 VRHE 
17.8 [73] 

Ru88Pt12  Nessler's reagent 
47.1 μg h−1 mgcat

−1  

at −0.2 VRHE 
8.9 [74] 

AuPdP Indophenol blue 
18.78 µg h−1 mgcat.

−1 at 

−0.3 VRHE 
15.4 [75] 

Pd-Ag Indophenol blue 
9.73 µg h−1 mgcat.

−1 

 at −0.2 VRHE 
18.4 [76] 

AuCuB  Indophenol blue 
13.2 µg h−1 mgcat.

−1 

 at −0.5 VRHE 
12.8 [77] 

Au@C Indophenol blue 
241.9 µg h−1 mgcat.

−1 at 

−0.45 VRHE 
40.5 [78] 

Au@CeO2 Indophenol blue 
293.8 µg h−1 mgcat.

−1 at 

−0.4 VRHE 
9.5 [79] 

Rh-Se  Indophenol blue 
175.6  23.6 µg h−1 

mgcat.
−1 at −0.1 VRHE 

13.3 ± 

0.4 
[80] 

AuHNCs Indophenol blue  
3.9 µg h−1 cm−2  

at −0.5 VRHE 
30.2 [81] 

Ag-Au Nessler reagent  
3.74 μg h–1 cm–2 

at −0.4 VRHE 
35.9 [82] 

Au-Ag-Pd- 
1H NMR  

 Indophenol blue 

5.8 μg h−1cm−2  

at −0.3 VRHE
 48.9 [83] 

Ag2Au1 NTs Indophenol blue 21.7 µg h−1 mgcat.
−1  

at −0.3 VRHE 
3.8 [84] 

Rh2Sb RNR Indophenol blue 
228.85  12.96 µg h−1 

mgcat.
−1 at −0.45 VRHE 

6.5 [85] 

PdRu NRAs Indophenol blue 
34.2 µg h−1 mgcat.

−1  

at −0.2 VRHE 
2.4 [86] 

IrTe4 PNRs Indophenol blue 
51.1 µg h−1 mgcat

−1 

 at −0.2 VRHE  
15.3 [87] 

RhCu Indophenol blue 
95.06 μg h−1 mgcat

−1 at 

−0.2 VRHE 
1.5 [88] 

Au flowers Indophenol blue 
25.57 µg h−1 mgcat.

−1 at 

−0.2 VRHE 
6.1 [89] 

PdRu TPs Indophenol blue 
37.23 μg h−1 mgcat.

−1 at 

−0.2 VRHE 
1.9 [90] 

PdCuIr-LS Indophenol blue 
13.43 µg h−1 mgcat.

−1 at 

−0.3 VRHE 
5.3 [91] 

Ag3Cu  Indophenol blue 
24.59 µg h−1 mgcat.

−1 at 

−0.5 VRHE 
13.3 [92] 

np-Pd3Cu1 
Nessler’s reagent  

 Indophenol blue 

39.9 µg h−1 mgcat.
−1 

 at −0.25 VRHE 
1.2 [93] 

PdRu BPNs Indophenol blue 
25.92 µg h−1 mgcat.

−1 at 

−0.1 VRHE 
1.5 [94] 
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As shown in Table 1-1, many of the previous catalysts for the reduction of nitrogen to ammonia 

have not performed well.  The ammonia yield rate and FE of existing related studies are extremely low. 

Most ammonia yield rate are in the nanomolar range (10-9 mol), and FE are generally below 50% and 

even below 1% in some cases. This results in a very low ammonia concentration in the product. And 

unfortunately, low concentrations of ammonia in solution are difficult to accurately measure experi-

mentally.  

The methods used to determine ammonia concentrations in the vast majority of studies are indo-

phenol blue, Nessler’s reagent and ion chromatography. Among them, indophenol blue method relies 

on the Berthelot reaction of phenol, hypochlorite and ammonia under alkaline conditions for determi-

nation. The blue indophenol product can be quantified and colorimetrically determined at a wavelength 

of approximately 640 nm. Citrate buffer is usually added to stabilize pH and prevent hydroxide precip-

itation, while sodium nitroprusside can be added to enhance the color reaction. 

 

The Nessler method utilizes the colored compounds produced by the reaction of K2HgI4 and am-

monia, and detects absorption spectra at a wavelength of about 400 nm.  

 

NH4
+ + 2[HgI4]2− + 4OH− → NH2Hg2OI + 7I− + 3H2O(1-15) 

 

PdRu Indophenol blue 
34.1 µg h−1 mgcat.

−1  

at −0.2 VRHE 
2.1 [95] 

PdPb Indophenol blue 
25.68 µg h−1 mgcat.

−1 at 

−0.05 VRHE 
5.8 [96] 

Ag-Au Indophenol blue 
10 pmol s−1 cm−2  

at −2.9 VAg/AgCl 
18  4 [97] 

AuCu Indophenol blue 
63.9 µg h−1 mgcat.

−1 

 at −0.2 VRHE 
0.5 [98] 

Au NPG Indophenol blue 
22.0  0.3 µg h−1  

 cm−2 at −0.6 VRHE 
44 [99] 

Pt/Au@ZIF Indophenol blue 
161 µg h−1 mgcat.

−1 

 at −2.9 VAg/AgCl 
44 [100] 

Au/M-BOP Indophenol blue 
75.89 µg h−1 mgcat

−1 at 

−0.2 VRHE 
10.4 [101] 

Au NPs Indophenol blue 
0.36 µg h−1 m−2 

 at −0.2 VRHE 
22 [102] 

Pt/NiO-NSs Indophenol blue 
20.59 µg h−1 mgcat.

−1 at 

−0.2 VRHE 
15.6 [103] 

Au film/NF Indophenol blue 
22.7 μg h−1 mgcat.

-1  

at −0.2 VRHE 
17.2 [104] 
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Compared with the tedious Nessler method and indophenol blue method, the ion chromatography 

method is more convenient and efficient for the detection of NH3. The ion chromatography method has 

high stability and sensitivity for separation of cationic species from columns packed with cation ex-

change material. Positive ions can be detected on a conductivity detector by comparing the retention 

time to that of a known standard sample. The NH3 produced was then quantitatively analyzed by com-

paring the peak areas obtained with those of the standard samples. 

However, the accuracy of these classical and practical NH3 detection techniques is not ideal at low 

concentrations. Almost all test methods showed poor reproducibility at NH3 concentrations below 0.2 

ppm, and the results were extremely unreliable. At this concentration, the standard NH3 solution 

changes by 0.1 ppm, the error of Nessler method is 20.5 %, and the error of ion chromatography method 

is 71.2 % [105]. In addition, trace amounts of nitrogen oxides and NH3 in the air can interfere with the 

experimental results, resulting in false positive NH3 [106]. Even lab-use nitrile gloves can cause severe 

NH3 contamination. Accurate results from electrochemical nitrogen reduction of NH3 can only be ob-

tained when all ammonia contaminants are removed and nitrogen is the only possible source of NH3 

formation.  

In conclusion, the method of reducing nitrogen to ammonia is feasible. However, there are some 

unavoidable problems. For example, extremely low ammonia yield rate and FE result in little practical 

potential and a lot of wasted electrical energy. Poor detection accuracy at low concentrations of ammo-

nia leads to potential false positive ammonia.  

 

1-2-2 Electrocatalytic reduction of nitrate to ammonia 

 

With the rapid development of human society in recent centuries, there has been an imbalance in 

the global nitrogen cycle. Nitrate concentrations in surface and groundwater are rapidly rising due to 

the use of fertilizers, the burning of fossil fuels, and the discharge of industrial wastewater. In Europe 

in 2003, 80% of groundwater nitrate concentrations are greater than 25 mg-N/L in Spain, 50% in the 

UK, 36% in Germany, 34% in France and 32% in Italy [107]. In 2011, approximately 14.4% of ground-

water in EU member states had nitrate concentrations above 50 mg-N/L [108]. In Japan, nitrate is found 

at the highest concentrations of 100 mg-N/L in water [109], which is equivalent to 10 times the limit 

for drinking water of the World Health Organization [110]. 

High concentrations of nitrate in water bodies pose potential risks to the environment and public 

health. It stimulates the growth of a large number of algae, thereby promoting the eutrophication of the 

water body. Livestock ingestion of nitrate-contaminated water can cause acute mortality [111]. Excess 

nitrate in drinking water has been linked to a variety of human diseases, such as colorectal cancer, 

bladder cancer, breast cancer risk, and thyroid disease [112].  For this reason many methods have been 

developed for the treatment of nitrate pollution, such as physical adsorption [113, 114], ion resin 
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exchange [115-117], reverse osmosis [118-120] and biological denitrification [121-123] and other com-

mercial technologies[124]. Governments spend large sums of money each year to combat nitrate pollu-

tion, and then have little success. Nitrate pollution is on the rise around the world.  

In order to solve the problem of nitrate pollution, generating economical ammonia is killing two 

birds with one stone. Similar to the nitrogen reduction reaction, the nitrate reduction reaction (NRR) is 

carried out under ambient conditions and does not require additional reducing agents or reagents. Some 

related researches have been carried out. Li developed strained ruthenium nanoclusters electrodes for 

electrocatalytic conversion of nitrate to ammonia. The Ru-based catalyst can achieve nearly 100 % 

ammonia FE (1 M KOH at -0.2 VRHE ) at a current density of 120 mA cm-2 by inhibiting the splitting of 

water to promote the participation of hydrogen radicals in the reaction [125]. Wang efficiently catalyzed 

ammonia synthesis via in situ generated Cu/Cu2O (FE: 95.8 %, at -0.85 VRHE). The electron transfer 

phenomenon at the catalyst surface promotes the formation of *NOH intermediate and suppresses the 

hydrogen evolution reaction (HER) [126]. Sargent tunes the nitrate adsorption capacity of the electrode 

to enhance NRR activity by alloying Cu and Ni. Among them, the Cu50Ni50 alloy (FE: 99 %, pH 14 at 

0 VRHE) obtained 6 times the catalytic activity of pure copper [127].  
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Table 1-2. Reported catalysts for the nitrate reduction to ammonia 

 

 

As shown in Table 1-2, the FE and ammonia yield rate of NRR is much higher than that of nitrogen 

reduction reaction. A thousand-fold increase in ammonia yield rate can be achieved while maintaining 

nearly 100% FE. More importantly, the concentration of ammonia solution obtained by NRR experi-

ment is not low (dozens of ppm). This concentration of ammonia can be accurately measured by indo-

phenol blue, Nessler’s reagent and ion chromatography method.   

The traditional Haber-Bosch process requires 4 kWh of energy to produce 1kg of ammonia [131]. 

However, the Strained Ru catalyst of NRR technology consumes about 22 kWh of electricity to produce 

1 kg of ammonia. And the ammonia yield rate of 5.56 mmol gcat.
-1 h-1 is already higher than the tradi-

tional Haber-Bosch process [125]. This means that electrocatalytic ammonia synthesis could be an at-

tractive alternative to the traditional Haber-Bosch process. 

 

  

Catalyst NH3 yield rate FE (%) Ref. 

Ti  - 82 [128] 

TiO2  0.024 mmol gcat.
-1 h-1 66.3 [129] 

TiO2-x 0.045 mmol gcat.
-1 h-1 85 [129] 

Cu-PTCDA 0.026 mmol h−1 cm−2 85.9 [130] 

Cu50Ni50 - 99 [127] 

Cu/Cu2O 0.245 mmol h−1 cm−2 95.8 [126] 

Strained Ru 5.56 mmol gcat.
-1 h-1 99.9 [125] 
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1-3 Objectives of the study 

Ammonia is an important resource to ensure the safety of food production. However, the tradi-

tional Haber-Bosch process to produce ammonia needs to consume a large amount of natural gas and 

emit a large amount of greenhouse gases. In the current era of carbon neutrality and skyrocketing natural 

gas prices, how to find a green, efficient and economical new ammonia production process has become 

a research hotspot. In recent decades, researchers all over the world have achieved a series of research 

results by electrocatalytic nitrogen reduction to ammonia. However, limited by the chemical inertness 

of nitrogen, low solubility and competition from HER, the obtained ammonia yield rate and FE are very 

poor, and it is still far from industrial application. In addition, low concentrations of ammonia (＜0.1 

ppm) are difficult to accurately measure by traditional detection methods. All of these cast a shadow 

over the research on electrochemical reduction of nitrogen to ammonia.  

Electrochemical reduction of nitrate to ammonia has been shown to be a feasible method. This 

method of converting nitrate pollutants to ammonia has environmental and economic benefits for hu-

man society. However, there is not much research on this at this stage. The current best Ru-based cata-

lysts have achieved ammonia yields and energy consumption comparable to conventional Haber-Bosch 

processes. However, the high price of Ru metal limits its possibility of being applied on a large scale 

and replacing the traditional Haber-Bosch process in the future. Therefore, the purpose of this thesis is 

to find possible efficient and affordable catalysts for the electrochemical reduction of nitrate to ammonia.  
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1-4 Contents of this thesis 

The Doctoral thesis consists of five Chapters. 

Chapter 1, “General introduction” was written about background information on the uses and pro-

duction of ammonia and potential alternatives to conventional ammonia production. And the purpose 

of this study is presented.  

Chapter 2, “Exploring the mechanism of nitrate reduction to ammonia” The determinants of the 

reduction of nitrate to ammonia were studied by combining experiments and theoretical calculations. 

Chapter 3, “The study of Cu-based and Cobalt-based catalysts for catalyzing the reduction of ni-

trate to ammonia” By studying the NRR selectivity on various metals and their compounds, it was 

confirmed that the electronic structure directly determines the NRR selectivity. 

Chapter 4, “A porous Co3O4-carbon paper electrode enabling nearly 100% electrocatalytic nitrate 

reduction to ammonia”. The Co3O4 was electrodeopsited on carbon paper (CP) for high-efficient elec-

trochemical nitrate-to-ammonia conversion. The Co3O4-CP electrode achieved a nearly 100% Faradaic 

efficiency over a wide potential range from -0.2 to -1.0 VRHE in neutral pH and the highest NH3 yield 

of 3.43 mmol h−1 cm−2 (2.25 mol gCo
−1 h−1). 

Chapter 5, “Conclusion and discussion” summarized all results obtained in this thesis and the most 

promising catalyst metals are discussed.  
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Chapter 2 Exploring the mechanism of nitrate reduction to ammonia  

 

2-1 Introduction 

The mechanism of a catalytic reaction refers to how a catalyst facilitates a chemical reaction. In a 

catalytic reaction, a catalyst lowers the activation energy of the reaction, thereby accelerating the rate 

of the chemical reaction. The catalyst interacts with the reactants, forming intermediates or transition 

states, and provides an alternative reaction pathway that allows the reaction to proceed at a faster rate. 

The mechanism of a catalytic reaction can be described through the following steps: 1. Adsorption of 

the reactants: The catalyst adsorbs reactant molecules, typically through physical or chemical adsorp-

tion. During the adsorption process, weak chemical or ionic bonds are formed between the catalyst and 

the reactants; 2. Activation of the reactants: The adsorbed reactant molecules undergo activation, where 

the chemical bonds of the adsorbed reactants begin to break or form. This activation process involves 

changes in the electronic structure and surface configuration of the catalyst; 3. Reaction: The activated 

reactant molecules undergo a chemical reaction on the catalyst surface. The catalyst provides a new 

reaction pathway, reducing the activation energy of the reaction. This can be achieved by adjusting the 

relative positions of the reactant molecules, providing an appropriate chemical environment, or altering 

the electron density, among other factors; 4. Desorption of the products: The reaction products dissoci-

ate from the catalyst surface and are released. The desorbed products can re-adsorb and interact with 

the catalyst through physical adsorption or undergo further chemical reactions, completing the catalytic 

cycle. The mechanism of a catalytic reaction can be complex, involving the formation and dissociation 

of various intermediates and transition states. Factors such as the type of catalyst, reaction conditions, 

and the nature of the reactants can all influence the mechanism of the catalytic reaction. By studying 

the mechanism of catalytic reactions, one can gain a better understanding of and optimize catalytic 

processes, improving reaction efficiency and selectivity. Therefore, in order to find potential excellent 

catalysts, we should start from exploring the mechanism first. 

The Sabatier principle, also known as the Sabatier reaction or the Sabatier principle of catalysis, 

states that the most efficient catalytic activity for a given reaction occurs when the catalyst's electronic 

properties are close to those of the reactants. This principle is named after the French chemist Paul 

Sabatier, who was awarded the Nobel Prize in Chemistry in 1912 for his work on catalysis. According 

to the Sabatier principle, an optimal catalyst should neither bind too weakly nor too strongly with the 

reactants. If the catalyst binds too weakly, the reactants will not be sufficiently adsorbed and activated, 

resulting in a slow reaction rate. On the other hand, if the catalyst binds too strongly, the reactants may 

become strongly adsorbed and deactivated, preventing the reaction from occurring. 
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The principle suggests that the ideal catalyst should have electronic properties, such as electron 

density and reactivity, that are similar to those of the reactants. This similarity facilitates the adsorption 

of reactant molecules onto the catalyst's surface and the formation of appropriate reaction intermediates. 

It allows for efficient activation of the reactants and promotes the desired chemical transformations. 

The Sabatier principle has been widely used in the design and development of catalysts for various 

catalytic reactions, including hydrogenation and hydrogenolysis reactions. By understanding and ap-

plying this principle, researchers aim to identify and create catalysts that can provide optimal catalytic 

activity, selectivity, and efficiency for specific chemical transformations.  

Therefore, according to the Sabatier principle, the mechanism that determines the rate of nitrate 

reduction to ammonia should be the bond strength between the catalyst and a certain kind intermediate. 

So, the next specific work will be the following three steps: 1. Find different intermediates 2. Obtain 

the corresponding bond strength 3. Compare the experimental results. Finally, the results are consistent 

with the experiments are the intermediates that determine NRR activity. 

The electrochemical reduction of nitrate to ammonium requires 8 e- and 10 H+ to participate in the 

whole process. The adsorbed nitrate is reduced to nitrite in the rate-limiting step. Nitrite is the main by-

product in alkaline or neutral environments. Then the nitrite is further reduced to nitric oxide when it is 

on the surface and undergoes a series of complicated processes to finally generate ammonia. 

 

 

Fig.2-1The electrocatalytic nitrate reduction mechanism [132] 

 

On the other hand, the HER competes with NRR for electrons and protons as the main side reaction 

in the solution. Various by-products and unavoidable side reactions make electrochemical NRR very 

complex (Fig.2-1). Therefore, an excellent NRR catalyst should have two characteristics of high 
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selectivity and low HER activity. So, we investigated their catalytic activity and selectivity trends by 

studying the nitrate reduction products (ammonia, nitrite, and hydrogen) on various metal (Ag, Fe, Ni, 

Co, Bi, Mo, Cu, Ti and Pt).  

 

 

2-2 Methods 

2-2-1 Materials and reagants 

Platinum foil (99%), nickel sulfate hexahydrate (NiSO4·6H2O), disodium molybdate dihydrate 

(Na2MoO4·2H2O), bismuth nitrate pentahydrate (Bi(NO3)3·5H2O),silver nitrate (AgNO3), sodium hy-

droxide (NaOH), sodium sulfate (Na2SO4), potassium nitrate (KNO3), cobalt sulfate (CoSO4·7H2O), Ti, 

Fe and Cu plate, sodium hypochlorite (NaClO, available chlorine 4.00-4.99%), sodium nitroprusside 

(C5FeN6Na2O), salicylic acid (C7H6O3), ammonium chloride (NH4Cl), and sodium citrate (Na3C6H5O7). 

All reagents involved in this experiment are of analytical grade without purification and provided by 

FUJIFILM Wako Pure Chemical Corporation, Japan. The nitrate solution required for this study was 

obtained by dissolving potassium nitrate in ultrapure water.  

 

 

2-2-2 DFT Modeling 

In density functional theory (DFT) calculations, the Projector Augmented Wave (PAW) method is a 

technique for dealing with pseudopotentials, which is used to approximately describe the interaction 

between the nucleus and the electrons outside the nucleus. interaction. This method is often used to 

calculate the electronic structure of solid materials, molecules and surfaces, etc. 

In DFT calculations, in order to reduce the computational complexity, pseudopotentials are often 

used to replace the real nuclei-electron interactions. The pseudopotential separates the valence electrons 

into a local part and a nonlocal part, expands the nonlocal part with a plane wave, and replaces the local 

part with a pseudoatomic wave function. This can localize the strong interactions around the nucleus, 

thereby reducing the number of plane waves required for calculation and saving computing resources. 

However, the use of traditional pseudopotentials may cause some problems, such as losing part of the 

wave function information in the calculation, especially in critical regions such as chemical bond for-

mation and breaking. To solve these problems, the projected enhanced wave method is introduced. Here, 

the PAW method is used to solve the problem of traditional pseudopotentials by introducing a set of 

projection functions (projectors) in the local area of each atom, and projecting the real electronic wave 

function onto this set of projection functions. This allows for more accurate nuclei-electron interactions 

and a better description of phenomena such as chemical bond formation and breaking. The projected 

enhanced wave method also retains the computational efficiency advantages of traditional pseudopo-

tentials. The Perdew-Burke-Ernzerhof (PBE) functional is a widely used exchange-correlation func-

tional in Density Functional Theory (DFT). In DFT, a functional is a function used to describe the 
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exchange and related energy of electrons, and then solve the ground state density and electronic struc-

ture of electrons. The PBE functional was proposed by John P. Perdew, Kieron Burke and Matthias 

Ernzerhof in 1996, and its full name is Perdew-Burke-Ernzerhof Generalized Gradient Approximation 

(PBE-GGA). This functional is based on the idea of Generalized Gradient Approximation (GGA), 

which considers electron exchange-correlation effects on the basis of density gradients. Compared with 

the earlier local density approximation (Local Density Approximation, LDA), GGA usually performs 

better in describing the interaction between atoms and molecular structure. PBE functionals are widely 

used in many fields, especially in the calculation of solid materials, molecular structures and surface 

reactions. Its advantages include relatively high computational efficiency and good accuracy, which can 

provide results that are consistent with experimental data. It should be pointed out that although the 

PBE functional performs well in many cases, it is not suitable for all systems and problems. For a 

specific system, a specific functional may perform better, so when choosing a suitable functional, it is 

necessary to comprehensively consider the calculation requirements and system characteristics. It is 

used here in the Vienna Ab initio Simulation Package (VASP), which can further improve the calcula-

tion accuracy. The use of spin-polarized density functional theory (Spin-polarized Density Functional 

Theory, spin-polarized DFT) is to deal with systems containing magnetic atoms or magnetic materials. 

Spin-polarized DFT is a variant of density functional theory (DFT) that allows the spins of electrons to 

have non-zero orientations in space, thereby enabling the description and consideration of magnetic 

properties in materials. In atoms and materials, electrons have spin, an intrinsic property of electrons 

that is similar to the electron's rotation around its core. The spin can be either up (+1/2) or down (-1/2). 

In nonmagnetic systems, it is usually assumed that the spin of electrons is uniformly distributed, that is, 

the density of electrons with upper spins is equal to the density of electrons with lower spins. The DFT 

in this case is called a non-spin-polarized DFT. However, in magnetic systems, there is a non-uniform 

distribution of spins. That is, the density of up-spin electrons is not equal to the density of down-spin 

electrons. This is due to the magnetic properties of the atoms or the presence of magnetic order or 

magnetic phase separation in the material, etc. To be able to describe these magnetic systems accurately 

requires the use of spin-polarized DFT. Spin-polarized DFT allows the spin orientation of electrons to 

vary in space, so the electron density of both spins can be considered simultaneously. Through spin-

polarized DFT, the electron density distribution in different spin directions can be calculated, so as to 

obtain information such as the magnetic moment, magnetic properties and magnetic interaction of the 

material. 

The cutoff energy of the plane wave basis is the energy cutoff used to expand the plane wave basis 

function in density functional theory calculations. In DFT calculation, the wave function is approxi-

mated by a plane wave, and the expansion of the plane wave requires a certain energy truncation to 

ensure the accuracy and convergence of the calculation results. A plane wave is a special wave function 

whose amplitude is uniform in space and does not vary significantly with position. In DFT calculations, 

plane waves are used to expand the electronic wave function and the periodic potential energy of 
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periodic crystals. The number and precision of the plane wave basis functions used in the calculation 

will affect the accuracy and convergence speed of the calculation results. The cutoff energy is an im-

portant parameter in the plane wave basis function, which is used to limit the energy range of the plane 

wave. The choice of cut-off energy should take into account the balance between the properties of the 

system and the computational efficiency. In general, higher cutoff energies give more accurate results, 

but also increase computational complexity and computation time. In practical applications, the choice 

of cut-off energy needs to find a suitable value by testing different cut-off energy values. If the cut-off 

energy is selected too low, it may cause the calculation results to fail to converge or produce large errors. 

If the cut-off energy is chosen too high, it will lead to increased computational cost without significant 

improvement in accuracy. In a word, the cutoff energy is an important parameter in the calculation of 

plane wave basis DFT. To obtain accurate and efficient calculation results, it is necessary to choose an 

appropriate cutoff energy reasonably. Here the cut-off energy of the plane wave base is 400 eV. 

Monkhorst–Pack k-point sampling is a method used in the calculation of density functional theory to 

integrate the asymptotic wave function of Brilliant, especially in the calculation of the energy band 

structure and electronic density of states of periodic crystal systems. In periodic crystals, the electron 

wave function can be represented by the Bloch wave function, and calculating the integral of the Bloch 

wave function requires sampling the wave function in the reciprocal space (k-space). Since the inverted 

space is infinite, it is unrealistic to calculate every k point. In order to obtain sufficiently accurate results 

with limited computing resources, the Monkhorst–Pack k-point sampling method can be used. This 

method divides the reciprocal space into a finite grid and computes the integral of the Bloch wave 

function at each grid point. The selection of sampling points follows the suggestion of Monkhorst and 

Pack, and the accuracy of calculation can be adjusted by choosing different numbers of sampling points. 

In conventional calculations, the same number of sampling points are usually selected in each crystal 

direction, for example, 𝑛𝑥, 𝑛𝑦, 𝑛𝑧 points are sampled in the three crystal directions of x, y, and z re-

spectively, so that there are 𝑛𝑥 × 𝑛𝑦 × 𝑛𝑧 k-points are used for integration. The Monkhorst–Pack k-

point sampling method can help to efficiently integrate the reciprocal space in DFT calculations, so as 

to obtain more accurate properties such as band structure and electronic density of states. Choosing an 

appropriate number of k-points is very important to balance computational accuracy and computational 

cost. All calculations here use 2 × 4 × 1. The vacuum thickness between the two layers is greater than 

20 Å to avoid interactions between periodic images. During optimization, the energy and force con-

verged to 10–4 eV/atom and 0.02 eV/Å, respectively. Thermal energy and zero point energy (ZPE) cor-

rections are calculated from the G point.  

Calculating the change in Gibbs free energy for each elementary step usually requires the use of 

statistical mechanics. The change in Gibbs free energy for each elementary step can be expressed as:  

𝛥𝐺 =  𝛥𝐸 +  𝛥𝑍𝑃𝐸 −  𝑇𝛥𝑆 
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ΔE: ΔE is the total energy change of the system under elementary steps. In DFT, ΔE can be obtained 

by calculating the energy of the initial state and the final state. ΔZPE: The calculation of the zero-point 

vibrational energy usually involves calculating the vibrational modes and corresponding frequencies at 

each elementary step. By calculating the frequency of each mode, the change in zero-point vibrational 

energy ΔZPE can be obtained. ΔS: The calculation of the entropy change ΔS involves statistical me-

chanical calculations for the vibrational modes of each elementary step. T is temperature. This can be 

estimated by considering the Boltzmann distribution to estimate the entropy change under the elemen-

tary steps. 

The zero-point energy and entropy of the NRR species are calculated from the vibrational frequencies, 

where only the adsorbate vibrational modes are calculated explicitly, while the catalyst sheet is fixed. 

The entropy and vibrational frequencies of gas phase molecules were taken from the National Institute 

of Standards and Technology (NIST) database. 

The 19 elementary reactions involved in direct nitrate reduction were computed by DFT calculations 

and used as input for the microkinetic simulations. The 19 elementary steps are shown below:  

𝑁𝑂3
− +∗→ 𝑁𝑂3

∗ + 𝑒−(2-1) 

𝑁𝑂3
∗ +∗→ 𝑁𝑂2

∗ + 𝑂∗(2-2) 

𝑁𝑂2
∗ +∗→ 𝑁𝑂∗ + 𝑂∗(2-3) 

𝑁𝑂∗ +∗→ 𝑁∗ + 𝑂∗(2-4) 

𝑁∗ + 𝑁∗ → 𝑁2
∗ +∗(2-5) 

𝑁𝑂∗ + 𝑁𝑂∗ → 𝑁2𝑂∗ + 𝑂∗(2-6) 

𝑁2𝑂∗ +∗→ 𝑁2
∗ + 𝑂∗(2-7) 

𝑂∗ + 𝐻+ + 𝑒− → 𝑂𝐻∗(2-8) 

𝑂𝐻∗ + 𝐻+ + 𝑒− → 𝐻2𝑂∗(2-9) 

𝐻+ + 𝑒− +∗→ 𝐻∗(2-10) 

2𝐻∗ → 𝐻2 + 2 ∗(2-11) 

𝐻2𝑂∗ → 𝐻2𝑂 +∗(2-12) 

𝑁𝑂∗ → 𝑁𝑂 +∗(2-13) 

𝑁2
∗ → 𝑁2 +∗(2-14) 

𝑁2𝑂∗ → 𝑁2𝑂 +∗(2-15) 

𝑁∗ + 𝐻+ + 𝑒− → 𝑁𝐻∗(2-16) 
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𝑁𝐻∗ + 𝐻+ + 𝑒− → 𝑁𝐻2
∗(2-17) 

𝑁𝐻2
∗ + 𝐻+ + 𝑒− → 𝑁𝐻3

∗(2-18) 

𝑁𝐻3
∗ → 𝑁𝐻3 +∗(2-19) 
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Micro-dynamic calculation 

 

The theoretical reaction rate has the following formulas to calculate: 

𝑘 = 𝐴𝑒−
𝐸𝑎

𝐾𝑏𝑇(2-20) 

where k is the rate constant in s-1 for the elementary step, The pre-exponential factor (A) contains 

information about the frequency of collisions between reactants and the randomness of the reactions. It 

is usually a dominant factor at lower temperatures because the activation energy contribution is smaller 

at lower temperatures. At high temperatures, the effect of activation energy is more pronounced. The 

specific value of the pre-exponential factor depends on the type of reaction and the system, and usually 

needs to be determined by experimental measurement or computational chemical simulation. It plays 

an important role in kinetic simulations and reaction rate predictions, especially for evaluating the rate 

constants of chemical reactions as a function of temperature, A was approximated as 1013 s-1 for all the 

elementary surface reactions. Ea is the activation energy, T is the temperature, and Kb is Boltzmann’s 

constant. For inactive molecular adsorption (i.e., no significant energy barrier), the adsorption rate is 

determined by the rate at which gas-phase molecules hit the surface. Evaporation flux (the number of 

molecules evaporated per unit time per unit area) is related to the number density of gas phase molecules, 

gas temperature and surface properties. In the case of non-activated adsorption, the gas phase molecules 

are transferred from the gas phase to the solid surface at a relatively low pressure, at this time there are 

few collisions between the gas phase molecules, mainly free molecular motions. Therefore, the Hertz-

Knudsen equation can be used to describe the rate of adsorption of non-activated molecules:  

𝐽 = 𝐴𝑛√2𝜋𝑚𝑘𝑡/ℎ2 

Where J is the number of molecules evaporated per unit time per unit area, also known as evapo-

ration flux; A is the geometric area of the surface; n is the number density of gas molecules; m is the 

mass of the gas molecule; k is the Boltzmann constant; T is the temperature of the gas; h is Planck's 

constant. The Hertz-Knudsen equation applies to the evaporation of gas molecules from the surface of 

a liquid or solid at very low pressure, such as in a vacuum. Under this condition, there are few collisions 

between gas molecules, and the gas molecular motion is mainly free molecular motion. The Hertz-

Knudsen equation does not hold for higher pressures and phase transitions between liquid or solid 

phases. The Hertz-Knudsen equation is an equation that describes the rate at which gas molecules evap-

orate. It was proposed independently by physicists Heinrich Hertz and Martin Knudsen in the late 19th 

and early 20th centuries, respectively. The Hertz-Knudsen equation expresses the relationship between 

the rate at which gas molecules evaporate from a liquid or solid surface and the nature, temperature, 

and surface properties of the gas. The equation is based on the principles of statistical mechanics and 

uses the concepts of the Boltzmann distribution and energy balance.  
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The molecular adsorption rate constant of species i was computed as: 

𝑘𝑎𝑑𝑠 =
𝑝𝐴∗

√2𝜋𝑘𝑏𝑇
𝑆 (2-21) 

where p is the partial pressure of the adsorbate in the gas phase, A* the surface area of the adsorption 

site, m the mass of the adsorbate, and S the sticking coefficient, which we assume takes a value of unity 

for all adsorbates. Assumptions made about molecules in the activated state during the description of 

molecular desorption. The activation state means that the molecule needs to overcome the energy barrier 

during the desorption process, that is, the molecule must be in a high-energy state before desorption, 

and this high-energy state is the activation state. Specifically, the molecule has three rotational degrees 

of freedom and two translational degrees of freedom. In the active state of the molecule, due to the 

higher energy, the molecule can rotate (rotational degree of freedom) and move on the surface (transla-

tional degree of freedom). The presence of these degrees of freedom affects the energy distribution and 

dynamic behavior of the molecule. For the theoretical study of molecular desorption, the behavior of 

molecules in different energy states is usually considered, that is, for different combinations of rota-

tional and translational degrees of freedom, to simulate the energy surface of the activated state. Doing 

so provides a better understanding of the kinetic behavior of the desorption process, such as the rate of 

desorption. Accordingly, the rate constant of desorption for adsorbate i was calculated as:  

𝑘𝑑𝑒𝑠 =
𝑘𝑏𝑇3

ℎ3

𝐴∗2𝑘𝑏𝜋

𝜎𝜃𝑟𝑜𝑡
𝑒−

𝐸𝑑𝑒𝑠
𝐾𝑏𝑇   (2-22) 

where Edes is the desorption energy, h is Planck’s constant, and σ and θrot are the symmetry number 

and the characteristic temperature for rotation, respectively. 

The nitrate reduction rate was calculated by the MKMCXX microkinetic modeling software suite 

for heterogeneous catalysis. In our simulations, the molar ratio of NO3
– and H+ in the solution was 1:1 

at a reaction temperature of 300 K, which is close to typical experimental reaction conditions. For each 

of the M components in the kinetic network, a single differential equation for each elementary reaction 

step was written in the form of: 

𝑟𝑖 = 𝑘𝑖 ∏ 𝑐𝑤
𝑣𝑀

𝑤=1  (2-23) 

where ki is the rate constant and cw and 𝑣 are the concentration and stoichiometric coefficient of 

species w in elementary reaction step i. Steady-state coverages were computed by integrating the ordi-

nary differential equations in time until changes in the surface coverages were small (< 10-12). Rates of 

the individual elementary steps were obtained based on the computed steady-state surface coverages. 

The elementary steps that control the rate of the overall reaction were determined using degree of rate 

control (DRC) analysis [132]. 
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2-2-3 Electrode preparation  

 

The Cu, Fe and Ti electrode: Cut high-purity Cu, Fe and Ti plate into 12*25 mm (effective area 

was 12*20mm) to obtain Cu, Fe and Ti electrode.  

The Pt electrode: Pt sheet with the size of 1 cm2 was used as Pt electrode. 

The Ag electrode: Ag electrode use Cu plate as the base material. The Cu plates were washed with 

alcohol and ultrapure water to remove surface impurities. The copper plates were then electropolished 

with 4 V in 85% phosphoric acid for 2 minutes to remove surface oxides. The obtained Cu plate was 

reacted with 0.1 M AgNO3 solution to obtain Ag electrode (effective area was 12*20mm). 

𝐶𝑢 + 2𝐴𝑔+ = 𝐶𝑢2+ + 2𝐴𝑔(2-24) 

The Co electrode: Co electrode was prepared by electrodeposition. The obtained Cu plates was 

then used as a conductive substrate and applied in a 0.1M CoSO4 solution at -2.0 VAg/AgCl for a period 

of time. Then, after cleaning with ultrapure water, place it in a furnace at 50°C and dry it to obtain the 

Co electrode (effective area was 12*20mm). 

The Bi electrode: Bi electrode was prepared by electrodeposition. The obtained Cu plates was 

then used as a conductive substrate and applied in a 0.1M Bi(NO3)3 solution at -2.0 VAg/AgCl for a period 

of time. Then, after cleaning with ultrapure water, place it in a furnace at 50°C and dry it to obtain the 

Bi electrode (effective area was 12*20mm). 

The Mo electrode: Mo electrode was prepared by electrodeposition. The obtained Cu plates was 

then used as a conductive substrate and applied in a 0.1M Na2MoO4 solution at -2.0 VAg/AgCl for a period 

of time. Then, after cleaning with ultrapure water, place it in a furnace at 50°C and dry it to obtain the 

Mo electrode (effective area was 12*20mm). 

The Ni electrode: Ni electrode was prepared by electrodeposition. The obtained Cu plates was 

then used as a conductive substrate and applied in a 0.1M NiSO4 solution at -2.0 VAg/AgCl for a period 

of time. Then, after cleaning with ultrapure water, place it in a furnace at 50°C and dry it to obtain the 

Ni electrode (effective area was 12*20mm).  

 

2-2-4 Electrochemical testing 

All electrochemical tests were performed by Potentiostat/Galvanostat HAB-151A (HOKUTO 

DENKO Corp., Japan) in a three-electrode system at room temperature. The prepared were used as the 

working electrode, Pt wire was used as the counter electrode and Ag/AgCl (filled with saturated KCl) 

(013691 RE-1CP, ALS Co., Ltd, Japan) was used as the reference electrode to form a three-electrode 

system. A 100ml H-type cell was used to study the reduction of nitrate to ammonia. Convert the poten-

tial VAg/AgCl to a reversible hydrogen electrode (VRHE) using the following equation, where VAg/AgCl vs. 

0
NHE is 196 mV at 25°C.  
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𝑉𝑅𝐻𝐸 = 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 + 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙  𝑣𝑠. 0𝑁𝐻𝐸 + 0.059 ∗ 𝑝𝐻 (2-25) 

 

A proton exchange membrane (PEM Nafion 211) was used to separate the two chambers. A portion 

of the solution was taken out for product analysis at regular intervals. 40ml of reaction solution was 

added to the cathode cell and anode cell, which contained 0.1M sodium sulfate as supporting electrolyte 

and a certain concentration of potassium nitrate. The resulting reaction solution was diluted ten times 

and used to identify the product. 

2-2-5 Production detection and efficiency calculations 

The classical indophenol blue method is used for the identification of ammonia. Dilute the reacted 

solution in different amounts to ensure that the ammonia concentration in the test solution is within the 

linear range of this identification method. The identification solution consists of three parts, salicylic 

acid solution, sodium hypochlorite solution and sodium nitroprusside solution. The salicylic acid solu-

tion was obtained by adding 4.4 g of sodium hydroxide, 10 g of salicylic acid and 10 g of sodium citrate 

to 200 ml of water. Sodium hypochlorite solution was obtained by adding 8 ml sodium hypochlorite 

(available chlorine 4.00-4.99%) and 1.2 g sodium hydroxide to 40 ml with water. Sodium nitroprusside 

solution was obtained by adding 0.4 g sodium nitroprusside to 40ml with water. The solution to be 

identified was mixed with 0.1 ml sodium hypochlorite solution, 0.1 ml sodium nitroprusside solution 

and 0.5 ml salicylic acid solution, and the volume was adjusted to 10 ml, and the color reaction was at 

least one hour to ensure that the reaction is complete. The absorption wavelength of ammonia was 697 

nm. 

The Faradaic efficiency (FE) of ammonia was calculated according to the following equation: 

FE =
nZF

𝑄
 (2-26) 

Where n is the moles of ammonia generated; Z is the number of electron transfers towards the for-

mation of 1 mol of ammonia which is 8; F is the Faraday constant (96485 C∙mol-1); Q is the total current.  

The yield rate of NH3 was calculated using the following equation: 

 

NH3 yield rate =
n𝑁𝐻3

𝑆×𝑡
 (2-27) 

 

Where S is the area of electrode (2.4 cm2); t is the reaction time (1 hour). 

The selectivity of NH3 was acquired by the following equation: 

 

Selectivity =
𝐶𝑁𝐻3

∆𝐶𝑁𝑂3
−
 (2-28) 

 

Where ∆𝐶𝑁𝑂3
− is the concentration difference of nitrate before and after the reaction. 
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The detection of nitrate and nitrite is analyzed by ion chromatography (metrohm 881 compact IC 

pro).  

The absorbance measurements were performed on Thermo Fisher Varioskan LUX at 697 nm. The 

obtained calibration curve (Fig. 2-2) was used to calculate the NH3 concentration. 

 

Fig.2-2 (a) the UV-Vis absorption of various NH3 concentrations. (b) The calibration curve used 

for calculation of NH3 concentration.  

 

 

2-3 DFT results 

 

2-3-1 Nitrate (NO3
-) and nitrite (NO2

-) adsorption energy  

 

The most pressing problem facing quantifying the theory of heterogeneous catalysis is to identify 

suitable quantities or "descriptors" to represent the "bond strengths" of interest to deduce possible mech-

anisms. Previous studies often used descriptors such as the heat of formation of metal oxides or suitable 

compounds, or the number of d-orbital electrons. However, until recent advances in computational 

chemistry, none of these efforts fit well with experimental data. In the conventional HB process for 

ammonia synthesis, an example of using the heat of oxide formation to describe the activity of ammonia 

synthesis is shown in the Fig. 2-3a. This kind of descriptor cannot explain the experimental data very 

well. The volcano plot was greatly improved when the descriptor was changed to the actual nitrogen 

adsorption energy on the relevant metal surface as a descriptor (see Fig. 2-3b). Here, the same experi-

mental rates are plotted against nitrogen adsorption energies determined from density functional theory 

(DFT) calculations. This suggests that the adsorption energy of nitrogen on the metal surface better 

quantitatively describes the Sabatier's principle concept of " bond strengths" than the heat of oxide 

formation. 
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Fig. 2-3 (a) Volcano plot for the ammonia synthesis reaction over K-promoted transition-metal 

catalysts at 523 K and 0.8 bar using oxide heat of formation as a bond strength descriptor. (b) Volcano 

plot of the same rates with the nitrogen adsorption energy at stepped metal surfaces as determined by 

DFT calculations using the RPBE functional as a descriptor. [10] 

 

It can be seen that the first task of exploring the mechanism of nitrate reduction to ammonia should 

be to clarify the descriptor.  

As shown in Fig.2-4, there are two different trends in the adsorption energies of nitrate and nitrite 

intermediates on various metals. Based on nitrate, the best NRR activity should be obtained by Co, and 

the worst by Ag. If based on nitrite, the best should be Cu and the worst should be Co. The difference 

between the two is very obvious. Therefore, it should be easy to obtain the correct result after comparing 

with the experimental phenomenon. 

 

 

Fig. 2-4. Adsorption energies of different intermediates on various metals (a) Nitrate (b) Nitrite 

2-3-1 Hydrogen (H+) adsorption energy 
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On the other hand, while catalyzing NRR in aqueous solution, the hydrogen evolution reaction 

(HER) is also inevitable. The strength of HER as a side reaction will directly affect the activity of NRR. 

Therefore, we also calculated the HER activity of various metal surfaces using the DFT method as 

shown in Fig. 2-5. As consistent with the results of many previous studies, metal Pt has excellent HER 

activity far stronger than other metals. Metallic silver has the worst HER activity among these metals 

due to too weak adsorption energy.  

 

Fig. 2-5. Hydrogen (H+) adsorption energy on various metals 

 

2-4 Experimental results 

Two completely different sets of predictions can be obtained through the previous DFT calcula-

tions, one with nitrate adsorption energy as the descriptor and the other with nitrite. In order to verify 

the DFT calculation results, various metal catalysts (Ag, Fe, Ni, Co, Cu, Bi, Mo, Ti and Pt) were inves-

tigated in 0.1 M Na2SO4+0.1M KNO3 solution. The NRR activity of these metals was tested at different 

potentials.  

 

2-3-1  The NRR catalytic performance on various metals  

 

The NRR catalytic activities of these nine different metals are shown in the Fig.2-6. Impressively, 

Co element achieved the best NRR activity (＞90% NH3 FE and nearly 100 % NH3 selectivity) among 

the nine elements. Cu, as the best element for nitrite adsorption energy prediction, obtained far worse 

results than Co (Fig.2-6d and f). Through this difference, the adsorption energy of nitrate can be iden-

tified as a descriptor of NRR. Therefore, we can confirm that it is the nitrate adsorption energy that 

determines the NRR reaction rate.  
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The unfavorable NRR activity of molybdenum is due to its strong nitrate adsorption energy. At 

this point DFT predictions can successfully explain the poor NRR activity of molybdenum (Fig.2-6a). 

Ru metal has achieved excellent catalytic performance, close to 100% NH3 FE and high NH3 yield rate.  

Both platinum and ruthenium are platinum group metal elements. They have similar physical and chem-

ical properties and tend to occur together in the same mineral deposits. Therefore, here we tested the 

NRR performance of platinum with close physical and chemical properties. As shown in Fig.2-6b, the 

HER activity of platinum is excellent. Almost all of the electrical energy is consumed producing hy-

drogen instead of ammonia. The obtained ammonia and nitrite by-products were all below the detection 

limit, so there is no selectivity data for NH3 in this experiment. Bismuth is considered to be an excellent 

catalyst in the related research of electrochemical reduction of nitrogen to ammonia. Due to the moder-

ate adsorption of iron to nitrogen, iron was selected as the catalyst for the traditional Haber-Bosch 

process. Although the reaction environment, driving force, and reaction mechanism of the electrochem-

ical catalyzed nitrate reduction to ammonia are completely different from those of the traditional Haber-

Bosch process, we still chose to test the NRR activity of iron. As shown in the Fig. 2-6c, due to the 

weakness of the nitrite formation of FE at high potential, the optimal NH3 FE and selectivity can reach 

76.1 % and 62.5 % at -1.0 VRHE, respectively. Then, the Ti electrode was used for NRR test. According 

to the previous research, the NH3 FE of titanium metal can obtain more than 66%. Here we did a similar 

experiment. The results show the NH3 FE of is only 22.7 %, the nitrite formation FE is greatly sup-

pressed under high potential conditions, so a rather high NH3 selectivity of 80.1 % can be obtained at -

1.0VRHE (Fig. 2-6e). The significantly stronger HER activity limits the NRR activity of Ti. The silver is 

often regarded as a poor catalyst for HER due to its low hydrogen adsorption free energy and low current 

density [133]. Here, silver electrodes were used to test the NRR performance. The nitrite formation FE 

of Ag electrode is very high (almost 100%), which leads to the NH3 FE being almost 0 at low potential 

conditions as shown in Fig. 2-6g (from -0.2 VRHE to -0.4 VRHE). As the potential increases, the nitrite 

formation of FE decreased gradually while the NH3 FE and selectivity started to increase from nearly 

0. Overall, the NH3 FE and selectivity of the Ag electrode are unsatisfactory (NH3 FE: 45.2 %, NH3 

selectivity: 18.2 % at -1.0 VRHE) due to the strong preference for nitrite generation. The atomic number 

of Bi in the periodic table is 83. Unlike the poisonous neighbor elements No. 82 lead and No. 84 polo-

nium, Bi is a non-toxic heavy metal element. Bulk metal Bi is a semimetal with direct plasmonic effect. 

Due to its advantages such as long Fermi wavelength, high carrier mobility, and surface plasmon reso-

nance (SPR) effect, it has attracted extensive research interest, especially in the fields of photocatalysis 

and electrocatalysis. Due to Bi's quantum confinement and low energy overlap, it can transform from a 

semimetal to a semiconductor when it becomes a thin film. Recently, researchers found that metallic Bi 

can be used for electrocatalytic reduction of ammonia synthesis. Semiconducting Bi is less reactive in 

HER due to the high adsorption free energy barrier between Bi and H2. [6] However, the Bi element is 

limited by too strong nitrate adsorption energy in the test, resulting in low NRR activity (Fig.2-6i).  
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Overall, the DFT calculations for most elements agree well with the experimental data. Only two 

elements, platinum and nickel (Fig.2-6b and h), are considered to be excellent NRR catalysts in DFT 

predictions, yet experimental data show that their activities are poor.  

 

 

 

Fig.2-6 Ammonia, nitrite FE and ammonia selectivity on various metals (a) Mo, (b) Pt, (c) Fe, (d) Co, 

(e) Ti, (f) Cu, (g) Ag, (h) Ni and (i) Bi at a given potentials. 

 

 

2-3-2  The influence of HER 

In the above studies we only considered the NRR in the whole catalytic reaction. The resulting 

DFT prediction results cannot explain the experimental results very well. From this, we measured HER 

activity on various metals. Specifically, the amount of species lost to nitrogen (𝑁𝑙𝑜𝑠𝑠) in the reaction is 

first obtained through material conservation. 

∆𝑚𝑁𝑂3
− = 𝑚𝑁𝑙𝑜𝑠𝑠

+ 𝑚𝑁𝑂2
− + 𝑚𝑁𝐻3

(2-29) 
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The ∆𝑚𝑁𝑂3
− is the amount of substance changed by nitrate. The 𝑚𝑁𝑂2

−  is the amount of substances 

that generate nitrite in the catalytic experiment. Both are directly measured by ion chromatography. The 

𝑚𝑁𝐻3
 is the amount of ammonia substance obtained by the reaction, measured by spectrophotometry. 

The 𝑚𝑁𝑙𝑜𝑠𝑠
 can be obtained by the above formula. The energy (𝐸𝑁𝑙𝑜𝑠𝑠

) required to generate it can then 

be calculated. The energy consumed to generate hydrogen (𝐸𝐻2
) can then be calculated by energy con-

servation. 

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑁𝑙𝑜𝑠𝑠
+ 𝐸𝐻2

+ 𝐸𝑁𝑂2
− + 𝐸𝑁𝐻3

(2-30) 

The 𝐸𝑡𝑜𝑡𝑎𝑙 is the overall power consumption, which is directly recorded by the Potentiostat/Gal-

vanostat HAB-151A (HOKUTO DENKO Corp., Japan) instrument. The 𝐸𝑁𝑂2
− and 𝐸𝑁𝐻3

 are the com-

puters consumed to generate the corresponding amount of nitrite and ammonia respectively, which are 

calculated by Faraday's law.  
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Fig.2-7 The H2 FE on various metals (a) Mo, (b) Pt, (c) Fe, (d) Co, (e) Ti, (f) Cu, (g) Ag, (h) Ni and (i) 

Bi at a given potentials. 

 

As shown in Fig.2-7b and h, the HER activity of platinum and nickel is quite strong. Almost 100% 

of the energy at the platinum electrode is used to generate hydrogen instead of catalytically reducing 

nitrate to ammonia. This is consistent with the previous findings, most researchers believe that platinum 

is the best HER catalyst due to the moderate hydrogen (H+) adsorption energy. Although Ni and Pt have 

excellent NRR activities, they are also excellent HER catalysts. Therefore, a reasonable explanation is 

that, There is competition for HER and NRR on Ni and Pt. Under our experimental conditions, HER 

dominated the system. This shows that to correctly evaluate the ammonia synthesis activity of metals, 

both NRR and HER need to be considered. The poor HER activity of cobalt and copper may indirectly 

contribute to the occurrence of NRR. 

 

 

2-5 Conclusions 

 

The same experiments and DFT calculations confirmed that it is the nitrate (NO3
-) adsorption en-

ergy that determines the NRR activity. After systematically studying nine different metals, cobalt and 

copper are considered as potential excellent NRR catalysts due to moderate nitrate adsorption energy 

and poor HER activity. An excellent NRR catalyst needs both moderate nitrate adsorption energy and 

poor HER activity, both of which are indispensable. 
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Chapter 3 The study of copper-based and cobalt-based catalysts for catalyzing the re-

duction of nitrate to ammonia.  

 

3-1 Introduction 

Since the dissociation energy (204 kJ/mol) of the O=N bond of nitrate is much lower than that of 

the triple bond of nitrogen (941 kJ/mol), the NRR reaction has better kinetics. Another advantage of 

using nitrate as a feedstock is its abundance in nature, especially in groundwater. Therefore, the use of 

nitrate to produce ammonia in large quantities under ambient conditions not only has the potential to 

reduce energy consumption, but also helps to solve the problem of environmental pollution. However, 

the conversion of nitrate to ammonia is an eight-electron transfer.  

NO3
− + 8e− + 9H+ → NH3 + 3H2O (3-1) 

The actual potential of this process is very close to the potential of HER (0 VRHE), which will 

inevitably generate hydrogen gas, resulting in the decline of FE. Therefore, inhibiting the competitive 

HER may be the key to improve the catalytic activity of the catalyst. 

 Influenced by this, Co- and Cu-based catalysts were developed and demonstrated to have excel-

lent catalytic activities. However, the high price of Ru greatly limits its potential application value in 

NRR. Here we follow previous research on Cu-based NRR to develop efficient and affordable NRR 

catalysts. 

 

 

3-2 Methods 

3-2-1 Materials and reagants 

The high-purity Cu plate is provided by Shingo Shoten, Japan. Thiourea (CH4N2S), Sodium sulfate 

(Na2SO4•5H2O), Potassium nitrate (KNO3), Phosphoric acid (85% H3PO4), cobalt sulfate 

(CoSO4·7H2O), Ti plate, sodium hypochlorite (NaClO, available chlorine 4.00-4.99%), sodium nitro-

prusside (C5FeN6Na2O), salicylic acid (C7H6O3), Ammonium chloride (NH4Cl), sodium hydroxide 

(NaOH) and sodium citrate (Na3C6H5O7). All reagents involved in this experiment are of analytical 

grade and provided by FUJIFILM Wako Pure Chemical Corporation, Japan. The nitrate solution re-

quired for this study was obtained by dissolving potassium nitrate in ultrapure water. The pH value of 

the solution is adjusted by dilute sulfuric acid and sodium hydroxide solution. 

 

3-2-2 Electrode preparation  
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The high-purity copper plates were cut into a size of 12*25*0.5 mm (effective area is 12*20 mm). 

The copper plates were washed with alcohol and ultrapure water to remove surface impurities. The 

copper plates were then electropolished with 4 V in 85% phosphoric acid for 3 minutes to remove 

surface oxides. The obtained copper plates were recorded as pure Cu electrodes. 

The Cu2O and CuO electrodes are obtained by heating pure copper electrodes in air. Copper was 

oxidized by oxygen in air to Cu2O at 250°C. When the oxidation temperature was further increased to 

350 °C, the copper was completely converted to CuO [134]. 

Finally, Cu2S and CuS are prepared by substitution reaction on the basis of Cu2O and CuO. The 

Cu2O and CuO reacted with 0.1M thiourea solution in a water bath at 90°C for 2 h (Fig.3-1). The Ksp 

of Cu2S (2.5×10-48, 25 °C ) and CuS (8.0×10-37, 25 °C) are much lower than those of Cu2O (2.0 ×10-15, 

25 °C) and CuO (1.0×10-20, 25 °C), so this transition from oxide to sulfide can occur through an anion 

exchange reaction between O2- and S2- anions, which is thermodynamically favorable [135]. The effec-

tive geometric area of the obtained electrodes was 12*20 mm.   

 

 

Fig.3-1 Schematic diagram of the processing route of the Cu-based catalyst 

 

The Ti plate was cut into a size of 12×25 mm (effective area is 12×20 mm). The obtained Ti plate 

was washed with alcohol and ultrapure water to remove surface impurities.  

The Co electrode: First of all, dissolve 1.124 g CoSO4·7H2O in 100 mL ultrapure water, then add 

0.01 g sodium dodecyl sulfate and stirred vigorously for 10 minutes to obtain cobalt solution. The ob-

tained Ti plate was then used as a conductive substrate and applied in a cobalt solution at -2.0 VAg/AgCl 

for a period of time. The electrode was then rinsed with alcohol and ultrapure water, dried in an oven 

at 50 °C. The mass change before and after the Ti plate was calculated to obtain the Co mass loading. 

Cu2O

250℃

CuO

350℃

CuS

Cu2S

Pure Cu

CH4N2S

CH4N2S

90℃

90℃
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Here, the obtained electrode was referred to as a Co electrode. The color of the Co electrode was silver-

white. 

The CoO electrode: The Co electrode was heated at 300°C for 2 hours. Part of Co was oxidized to 

CoO and Co3O4 by oxygen at high temperature. The composition of this electrode consists of most of 

CoO and a small amount of Co3O4, so it is referred to as a CoO electrode. The color of CoO electrode 

was green-black.  

The Co3O4 electrode: The CoO electrode was put into dilute sodium hypochlorite solution and treated 

for a period of time. During this process, another part of CoO or Co(OH)2 was oxidized to Co3O4 by 

sodium hypochlorite. The color of Co3O4 electrode was black.  

 

 

Fig.3-2 Schematic diagram of the processing route of the Co-based catalyst 

 

 

3-2-3 Electrochemical testing 

All electrochemical tests were performed by Potentiostat/Galvanostat HAB-151A (HOKUTO 

DENKO Corp., Japan) in a three-electrode system at room temperature. The prepared were used as the 

working electrode, Pt wire was used as the counter electrode and Ag/AgCl (filled with saturated KCl) 

(013691 RE-1CP, ALS Co., Ltd, Japan) was used as the reference electrode to form a three-electrode 

system. A 100ml H-type cell was used to study the reduction of nitrate to ammonia. Convert the poten-

tial VAg/AgCl to a reversible hydrogen electrode (VRHE) using the following equation, where VAg/AgCl vs. 

0
NHE is 196 mV at 25°C.  

𝑉𝑅𝐻𝐸 = 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 + 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙  𝑣𝑠. 0𝑁𝐻𝐸 + 0.059 ∗ 𝑝𝐻 (3-2)  

A proton exchange membrane (PEM Nafion 211) was used to separate the two chambers. A portion 

of the solution was taken out for product analysis at regular intervals. 40ml of reaction solution was 

added to the cathode cell and anode cell, which contained 0.1M sodium sulfate as supporting electrolyte 

and a certain concentration of potassium nitrate. The resulting reaction solution was diluted ten times 

and used to identify the product. 

3-2-4 Production detection and efficiency calculations 

The classical indophenol blue method is used for the identification of ammonia. Dilute the reacted 

solution in different amounts to ensure that the ammonia concentration in the test solution is within the 

linear range of this identification method. The identification solution consists of three parts, salicylic 

CoSO4 Co

300°C

CoO

NaClO

Co3O4

Electrodeposition
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acid solution, sodium hypochlorite solution and sodium nitroprusside solution. The salicylic acid solu-

tion was obtained by adding 4.4 g of sodium hydroxide, 10 g of salicylic acid and 10 g of sodium citrate 

to 200 ml of water. Sodium hypochlorite solution was obtained by adding 8 ml sodium hypochlorite 

(available chlorine 4.00-4.99%) and 1.2 g sodium hydroxide to 40 ml with water. Sodium nitroprusside 

solution was obtained by adding 0.4 g sodium nitroprusside to 40ml with water. The solution to be 

identified was mixed with 0.1 ml sodium hypochlorite solution, 0.1 ml sodium nitroprusside solution 

and 0.5 ml salicylic acid solution, and the volume was adjusted to 10 ml, and the color reaction was at 

least one hour to ensure that the reaction is complete. The absorption wavelength of ammonia was 697 

nm. 

The Faradaic efficiency (FE) of ammonia was calculated according to the following equation: 

FE =
nZF

𝑄
 (3-3) 

Where n is the moles of ammonia generated; Z is the number of electron transfers towards the for-

mation of 1 mol of ammonia which is 8; F is the Faraday constant (96485 C∙mol-1); Q is the total current.  

The yield rate of NH3 was calculated using the following equation: 

 NH3 yield rate =
n𝑁𝐻3

𝑆×𝑡
 (3-4) 

Where S is the area of electrode (2.4 cm2); t is the reaction time (1 hour). 

The selectivity of NH3 was acquired by the following equation: 

Selectivity =
𝐶𝑁𝐻3

∆𝐶𝑁𝑂3
−
 (3-5) 

Where ∆𝐶𝑁𝑂3
− is the concentration difference of nitrate before and after the reaction. 

The detection of nitrate and nitrite is analyzed by ion chromatography (metrohm 881 compact IC 

pro).  

The absorbance measurements were performed on Thermo Fisher Varioskan LUX at 697 nm. The 

obtained calibration curve (Fig. 3-3) was used to calculate the NH3 concentration. 

 

Fig.3-3 (a) the UV-Vis absorption of various NH3 concentrations. (b) The calibration curve used 

for calculation of NH3 concentration.  
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3-3 Results 

3-3-1 The LSV curves of copper-based catalysts 

The five electrodes obtained (Cu, CuO, Cu2O, CuS and Cu2S) were used to test NRR in 0.1 M 

Na2SO4 (supporting electrolyte) + 0.1 M KNO3 at room temperature. Before NRR experiments, linear 

sweep voltammetry (LSV) curves were performed until the polarization curves reached steady state. 

Nitrogen was passed through the solution for 5 minutes in advance to remove the interference of dis-

solved oxygen. As shown in Fig. 3-4, the LSV curves of the electrodes (Cu, CuO, Cu2O, CuS and Cu2S) 

all showed a significant increase in current density in the presence of nitrate, indicating that they all 

successfully initiated NRR. The Cu electrode exhibited lower current changes over the test potentials 

range of 0 to -1.0 VRHE, indicating a lower intrinsic NRR activity.  
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Fig. 3-4 The LSV curves of (a) CuS (b) Cu2S (c) CuO (d) Cu2O (e) Cu in 0.1 M Na2SO4 with or 

without 0.1 M KNO3 at a scan rate of 5 mV s-1 

 

 

 

 

3-3-2 The NRR catalytic activity trend of Cu-based electrodes at different potentials. 
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Fig. 3-5 NH3 FE and yield rate of the Cu electrode at different potentials  

Next, the electrocatalytic activity of Cu-based electrodes for NRR was investigated. As shown in 

Fig. 3-5, the FE and ammonia yield rate of the Cu electrode are both relatively poor only 40.8 % and 

0.0278 mmol h−1 cm−2 (at -0.6 VRHE), respectively. 
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Fig. 3-6 (a) NH3 FE and yield rate of the CuO electrode at different potentials (b) NH3 FE and yield 

rate of the Cu2O electrode at different potentials (c) NH3 FE and yield rate of the CuS electrode at 

different potentials (d) NH3 FE and yield rate of the Cu2S electrode at different potentials 

 

Combining Fig.3-6 and Table 3-1, the NRR catalytic performance of CuO, Cu2O, CuS and Cu2S 

electrodes was significantly improved after pure copper electrodes are treated. The FE increased from 

40.8% to 55.7%, and the ammonia yield rate also increased nearly 8 times. From −0.1 VRHE to −1.0 VREH, 

the ammonia yield rate on the electrodes gradually increases, while the FE shows a volcano-shaped 

curve. After the potential was greater than -0.5 VRHE, the FE and ammonia yield rate showed an overall 

downward trend. This may be due to the progressive lead of the competing HER at high potentials.  
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Table 3-1 The optimal catalytic performance for NRR of copper-based catalysts. 

Catalyst FE (%) 
NH3 yield rate 

(mmol h−1 cm−2) 

Cu 40.8 0.0278 

CuO 52.1 0.204 

Cu2O 55.2 0.1831 

CuS 49.7 0.1854 

Cu2S 55.7 0.1804 

 

 

The effects of various applied potentials on the NH3 yield rate and FE for the products and by-

products (NH3, H2 and NO2
−) were studied in 0.1M Na2SO4 and 0.1M KNO3 solution (pH=7).   

 

 

Fig. 3-7 NO2
-
 and H2 FE of the Cu electrode at different potentials  

 

As shown in Fig. 3-7, the FE of hydrogen on the Cu electrode increases with the increase of the 

potential, and the FE of nitrite decreases with the increase of the potential.  This well explains why the 

NH3 FE map of the Cu electrode (Fig.3-7) presents a volcano-shaped map. That is, the Cu electrode 

prefers to generate nitrite (NO2
-
 FE of the Cu: 75.5 % at -0.1 VRHE) at low potentials, which leads to the 

weakened FE of ammonia at low potentials. As the potential continued to increase, the competitive 

HER (H2 FE of the Cu: 73.3 % at -1.0 VRHE) gradually took the lead at high potentials, which also led 

to a decrease in the FE of ammonia.  Ammonia FE at the Cu electrode can be optimal only at interme-

diate potentials where the activity of HER or nitrite-forming reaction is not strong.  
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Fig. 3-8 (a) NO2
-
 and H2 FE of the CuO electrode at different potentials (b) NO2

-
 and H2 FE of the 

Cu2O electrode at different potentials (c) NO2
-
 and H2 FE of the CuS electrode at different potentials (d) 

NO2
-
 and H2 FE of the Cu2S electrode at different potentials  

 

The FE of hydrogen and nitrite on the prepared electrodes (CuO, Cu2O, CuS and Cu2S) at different 

potentials are shown in Fig. 3-8. The prepared electrodes (CuO, Cu2O, CuS and Cu2S) basically inherit 

the product and by-product distribution trends of Cu electrodes at different potentials. For the FE of 

hydrogen, the prepared electrodes (CuO, Cu2O, CuS and Cu2S) showed an obvious decreasing trend, 

with about 10 % compared to the Cu electrode at -1.0 VRHE (Fig.3-9). For the NH3 selectivity, their 

variation values were small (Fig.3-10). This means that the reason for the more NRR catalytic perfor-

mance of the CuO, Cu2O, CuS and Cu2S electrodes may be achieved by suppressing the competitive 

HER compared to untreated Cu.  
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Fig. 3-9 H2 FE of the prepared electrodes (CuO, Cu2O, CuS and Cu2S) 

 

 

Fig. 3-10 NH3 selectivity of the prepared electrodes (CuO, Cu2O, CuS and Cu2S) 

 

 

 

 

3-3-3 The effect of pH value on NRR catalytic performance 

Therefore, in order to further improve the NRR catalytic performance of Cu-based catalysts (Cu, 
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potential (avoiding too much nitrite generation) on the effect of pH vaule. In the experiment, the pH 

value was controlled at 7, 8, 10, 12 and 14 by adding a certain amount of NaOH to the reaction solution. 

 

Fig. 3-11 (a) NH3 FE of the Cu electrode at different pH at -1.0 VRHE (b) NH3 yield rate of the Cu 

electrode at different pH at -1.0 VRHE. 

 

The experiments were carried out at the high potential (-1.0 VRHE) for the Cu electrode.  As shown 

in Fig. 3-11, both the ammonia FE and the yield on the Cu electrode were enhanced with increasing pH 

value. This indicates that the inhibition of the competitive HER on the Cu electrode helps to enhance 

the catalytic activity of NRR. Similarly, the prepared electrodes (CuO, Cu2O, CuS and Cu2S) were 

tested under the same conditions at high potential. Under the condition of high pH value, HER was 

suppressed on the prepared electrodes, so the catalytic activity of NRR was enhanced (Fig.3-12).  
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Fig.3-12 (a) NH3 FE and yield rate of the CuO electrode at different pH at -1.0 VRHE, (b) NH3 FE 

and yield rate of the Cu2O electrode at different pH at -1.0 VRHE, (c) NH3 FE and yield rate of the CuS 

electrode at different pH at -1.0 VRHE, (d) NH3 FE and yield rate of the Cu2S electrode at different pH 

at -1.0 VRHE. 

 

 

 

3-3-4 The effect of catalyst structure or size on NRR activity 
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Therefore, we tried to prepare 3D porous structure Cu-based catalysts on carbon paper (Cu-CP, 

CuO-CP, Cu2O-CP, CuS-CP and Cu2S-CP) by a series of treatments and compare their NRR catalytic 

activities to study the effect of catalyst structure (Fig.3-13).  

 

  

Fig.3-13 Schematic diagram of the processing route of the Cu-based on carbon paper catalyst  

 

The experimental results show that the Cu-CP catalyst has almost no activity (Fig. 3-14a). Almost 

100% HER activity was observed (Fig. 3-14b). The same phenomenon was found for the remaining 

Cu-based (Cu-CP, CuO-CP, Cu2O-CP, CuS-CP and Cu2S-CP) electrodes (Fig. 3-15 and 3-16 ).   

 

 

Fig. 3-14 (a) NH3 FE of the Cu-CP electrode at different potentials, (b) H2 FE of the Cu-CP elec-

trode at different potentials 
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Fig.3-15(a) NH3 FE of the CuO and CuO-CP electrode at different potentials (b) NH3 FE of the 

Cu2O and Cu2O-CP electrode at different potentials (c) NH3 FE of the CuS and CuS-CP electrode at 

different potentials (d) NH3 FE of the Cu2S and Cu2S-CP electrode at different potentials. 
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Fig.3-16 (a)H2 FE of the CuO and CuO-CP electrode at different potentials (b) H2 FE of the Cu2O 

and Cu2O-CP electrode at different potentials (c) H2 FE of the CuS and CuS-CP electrode at dif-

ferent potentials (d) H2 FE of the Cu2S and Cu2S-CP electrode at different potentials. 

 

 

3-3-5 The The LSV curves of of Co-based catalysts  

 

We have known in the previous chapters that among the nine pure metal catalysts, Co element is 

considered to be the most potential NRR catalyst. For this purpose, we investigated three cobalt-based 

catalysts.  
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Fig. 3-17 The LSV curves of (red) Co, (green) CoO and (blue) Co3O4 electrode in 0.1 M Na2SO4 

and 0.1 M KNO3 at a scan rate of 5 mV s-1 

 

Nitrogen gas was passed for 30 minutes to remove oxygen in the solution before scanning, and the 

scanning speed was 5 mV s-1. As shown in Fig. 3-16, three electrodes were tested for LSV curves in 

0.1M potassium nitrate and sodium sulfate solutions. The current density obtained by The Co3O4 in the 

presence of nitrate is significantly larger than that of CoO and Co, indicating that Co3O4 has a stronger 

NRR activity (Fig.3-17).  

 

3-3-6 The NRR catalytic activity of Co-based electrodes at different potentials 

 

 

 

Fig. 3-18 NH3 FE of (red) Co, (green) CoO and (blue) Co3O4 electrode at different potentials  
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All three cobalt-based electrodes achieved high NRR activity, ranging from -0.2VRHE to -1.0 VRHE. 

Among them, the Co3O4 electrode obtained the highest 92% ammonia FE (at -0.6 VRHE) better than Co 

and CoO (90.1% and 90.2% at -0.6 VRHE). Surprisingly, their nitrite by-product concentrations were 

below the detection limit (0.1 ppm). Therefore, it can be considered that their ammonia selectivity is 

close to 100%.  

 

 

 

 

3-4 Conclusions 

Cu-based catalysts are potential NRR catalysts, combination of Cu and O or S will enhance the 

NRR performance by suppressing HER. Cu-based catalysts are beneficial for NRR at high potential 

and pH. The 3D porous structure is unfavorable for Cu-based NRR activity due to enhanced HER. The 

NH3 yield of Cu-based catalysts is still far inferior to the traditional HB process. Cobalt element is an 

excellent NRR catalytic activity, and the three cobalt-based catalysts (Co, CoO and Co3O4) have 

achieved near 100% ammonia selectivity and higher than 90% ammonia FE. On the whole, the selec-

tivity of catalysts is likely to be directly determined by the elemental species. 
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Chapter 4 A porous Co3O4-carbon paper electrode enabling nearly 100% electrocata-

lytic nitrate reduction to ammonia 

 

 

 

4-1 Introduction 

From the previous chapters we know that the adsorption energy of nitrate determines the activity 

of NRR, Co and Cu element has the most moderate adsorption energy of nitrate among the nine metals 

(Ag, Fe, Ni, Co, Cu, Bi, Mo, Ti and Pt) we tested. The selectivity of ammonia is likely to be directly 

determined by the type of catalyst element. The Cu-based catalysts suffer from poor selectivity. Alt-

hough high-potential and high-pH methods can be used to achieve better NRR activity on Cu-based 

catalysts, highly toxic nitrite will inevitably be produced during the catalytic process. In addition, an-

other disadvantage of copper-based catalysts is also very obvious. The limit ammonia yield of Cu-based 

catalysts (about 0.2 mmol cm−2 h−1) is far from meeting the actual needs, and it is far from being com-

parable to the traditional HB process (＜200 mmol gcat
−1 h−1). However, Co-based catalysts can maintain 

100% ammonia selectivity. Among them, Co3O4 has the highest NRR activity among all cobalt-based 

catalysts. Therefore, in order to obtain better NRR catalysts, in this chapter we will focus on the research 

of Co3O4 catalysts and explore the methods and mechanisms to improve its catalytic performance.  

In recent years, various catalysts have been explored and applied to NRR. Determinants of the 

catalyst's activity and its stability and selectivity include details of its composition, morphology and 

structure. Also, durability is a very desirable property for the best catalysts as it should run for a longer 

period of time without showing any degradation in performance. Clearly, over time, catalysts can be-

come deactivated for various reasons; for example, the formation of unwanted intermediates (e.g., H+) 

that are strongly bound to the catalyst surface can poison the catalyst, leading to a decrease in its per-

formance. In the search for high-performance catalysts, carbon paper framework catalysts have recently 

attracted extensive attention as promising and durable catalysts for NRR. Compared with traditional 

metal-based catalysts, in addition to more flexible structural design. Furthermore, their multilayered 

hollow structures provide high porosity and thus large active areas and a large number of active sites. 

All these features can achieve a significant increase in the catalytic activity of NRR.  
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4-2 Materials and method 

 

4-2-1 Materials and reagants 

 

Sodium sulfate (Na2SO4), potassium nitrate (KNO3), cobalt sulfate (CoSO4·7H2O), Ti plate, sodium 

hypochlorite (NaClO, available chlorine 4.00-4.99%), sodium nitroprusside (C5FeN6Na2O), salicylic 

acid (C7H6O3), Ammonium chloride (NH4Cl), sodium hydroxide (NaOH) and sodium citrate 

(Na3C6H5O7). All reagents involved in this experiment are of analytical grade and provided by FUJI-

FILM Wako Pure Chemical Corporation, Japan. The nitrate solution required for this study was ob-

tained by dissolving potassium nitrate in ultrapure water.  

 

 

4-2-2 Electrode preparation 

The carbon paper was cut into a size of 12×25 mm (effective area is 12×20 mm). The obtained 

carbon paper was washed with alcohol and ultrapure water to remove surface impurities.  

The Co electrode: First of all, dissolve 1.124 g CoSO4·7H2O in 100 mL ultrapure water, then add 

0.01 g sodium dodecyl sulfate and stirred vigorously for 10 minutes to obtain cobalt solution. The ob-

tained carbon paper was then used as a conductive substrate and applied in a cobalt solution at -2.0 

VAg/AgCl for a period of time. The electrode was then rinsed with alcohol and ultrapure water, dried in 

an oven at 50 °C. The mass change before and after the carbon paper was calculated to obtain the Co 

mass loading. Here, the obtained electrode was referred to as a Co electrode. The color of the Co elec-

trode was silver-white. 

The CoO electrode: The Co electrode was heated at 300°C for 2 hours. Part of Co was oxidized to 

CoO and Co3O4 by oxygen at high temperature. The composition of this electrode consists of most of 

CoO and a small amount of Co3O4, so it is referred to as a CoO electrode. The color of CoO electrode 

was green-black.  

The Co3O4 electrode: The CoO electrode was put into dilute sodium hypochlorite solution and treated 

for a period of time. During this process, another part of CoO or Co(OH)2 was oxidized to Co3O4 by 

sodium hypochlorite. The color of Co3O4 electrode was black.  
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Fig.4-1 Schematic diagram of the processing route of the Co-based catalyst 

 

4-2-3 Electrochemical testing 

All electrochemical tests were performed by Potentiostat/Galvanostat HAB-151A (HOKUTO 

DENKO Corp., Japan) in a three-electrode system at room temperature. The as-prepared Co,CoO and 

Co3O4 was used as the working electrode, Pt wire was used as the counter electrode and Ag/AgCl (filled 

with saturated KCl) (013691 RE-1CP, ALS Co., Ltd, Japan) was used as the reference electrode to form 

a three-electrode system. A 100 ml H-type cell was used to study the reduction of nitrate to ammonia. 

Convert the potential VAg/AgCl to a reversible hydrogen electrode (VRHE) using the following equation, 

where VAg/AgCl vs. 0NHE is 196 mV at 25°C. 

 

𝑉𝑅𝐻𝐸 = 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 + 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙  𝑣𝑠. 0𝑁𝐻𝐸 + 0.059 × 𝑝𝐻 (4-1) 

 

A proton exchange membrane (PEM Nafion 211) was used to separate the two chambers. A por-

tion of the solution was taken out for product analysis at regular intervals. 80 ml of reaction solution 

was added to the cathode cell and anode cell, which contained 0.1 M sodium sulfate as supporting 

electrolyte and 0.1 M potassium nitrate. The resulting reaction solution was diluted dozens of times and 

used to identify the product and by-product. 

 

4-2-4 Production detection and efficiency calculations 

 

The classical indophenol blue method was used for the identification of ammonia. Dilute the reacted 

solution in different amounts to ensure that the ammonia concentration in the test solution was within 

the linear range of this identification method. The identification solution consists of three parts, salicylic 

acid solution, sodium hypochlorite solution and sodium nitroprusside solution. The salicylic acid solu-

tion was obtained by adding 4.4 g of sodium hydroxide, 10 g of salicylic acid and 10 g of sodium citrate 

to 200 ml of water. Sodium hypochlorite solution was obtained by adding 8 ml sodium hypochlorite 

and 1.2 g sodium hydroxide to 40 ml with water. Sodium nitroprusside solution was obtained by adding 

0.4 g sodium nitroprusside to 40ml with water. The solution to be identified was mixed with 0.1 ml 

sodium hypochlorite solution, 0.1 ml sodium nitroprusside solution and 0.5 ml salicylic acid solution, 

CoSO4 Co-CP

300°C

CoO-CP

NaClO

Co3O4-CP

Electrodeposition
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and the volume was adjusted to 10 ml, and the color reaction was at least one hour to ensure that the 

reaction was complete. The absorption wavelength of ammonia was 697 nm. 

The Faradaic efficiency of ammonia was calculated according to the following equation: 

FE =
nZF

𝑄
 (4-2) 

Where n is the moles of ammonia generated; Z is the number of electron transfers towards the for-

mation of 1 mol of ammonia which is 8; F is the Faraday constant (96485 C∙mol-1); Q is the total current.  

The yield rate of NH3 was calculated using the following equation: 

𝑁𝐻3 yield rate =
n𝑁𝐻3

𝑆×𝑡
 (4-3) 

Where S was the area of electrode (2.4 cm2); t was the reaction time (1 hour). 

The selectivity of NH3 was acquired by the following equation: 

Selectivity =
𝐶𝑁𝐻3

∆𝐶𝑁𝑂3
−
 (4-4) 

Where ∆𝐶𝑁𝑂3
− was the value of the change in nitrate concentration. 

The detection of nitrate and nitrite was analyzed by ion chromatography (metrohm 881 compact IC 

pro).  

 

 

4-2-5 Characterization 

 

The scanning electron microscopy (SEM) images were taken with a Keyence VE-9800 3D high-

definition electron microscope. The X-ray photoelectron spectroscopy (XPS) images were obtained 

with AXIS-ULTRA. The absorbance measurements were performed on Thermo Fisher Varioskan LUX 

at 697 nm. The obtained calibration curve was used to calculate the NH3 concentration. 

 

 

4-3 Results 

 

4-3-1 NRR catalytic performance of three Co-based catalysts 

 

All cobalt-based electrodes were subjected to investigation via 1 h electrolysis in an H-type cell. 

The target product, NH4
+, present in the reaction solutions were detected utilizing the classical indophe-

nol blue method. In order to differentiate among the NRR activity levels observed among the three 

cobalt-based catalysts, linear sweep voltammetry (LSV) scans were conducted using 0.1 M Na2SO4 + 

0.1 M KNO3. As presented in Fig.4-2, Co3O4-CP achieved a higher current density than Co-CP and 

CoO-CP, demonstrating an enhanced catalytic activity in NRR. The Co3O4-CP electrode also yielded a 
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higher FE and NH3 yield rate when compared to Co-CP and CoO-CP from −0.2 VRHE to −1.0 VRHE (see 

Fig. 4-3c and d).  

 

 

Fig.4-2 The LSV curves of electrodes under 0.1 M Na2SO4 + 0.1 M KNO3 solution 

 

The NRR performance of three different electrodes (Co-CP, CoO-CP and Co3O4-CP, electrodeposi-

tion time: 2 min, Co mass: 1.07 mg) was first tested, and the results are shown in Fig.3a. The Co3O4-

CP electrode (82.9%) achieved higher FE than Co-CP and CoO-CP (64.5% and 66.4%) at -0.5 VRHE 

0.1M KNO3. As shown in Table 4-1, the samples treated with sodium hypochlorite for two hours con-

tained the highest Co3O4 species components, and also obtained the highest catalytic activity. Therefore, 

Co3O4 species can be considered as the catalytically active species in this study. 

 

 

Fig.4-3 (a) NH3 FE of Co-CP, CoO-CP and Co3O4-CP at different potentials, (b) NH3 yield rate of 

Co-CP, CoO-CP and Co3O4-CP at different potentials. 
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Table 4-1 Percentage of various cobalt species in Co-CP, CoO-CP and Co3O4-CP samples 

 

 Species concentration (atomic %) 

Samples Co CoO  Co3O4 Others 

Co-CP-1 53 38 3 6 

Co-CP-2 21 63 5 11 

Co-CP-3 7 63 19 11 

 

 

4-3-2 Influence of electrodeposition time on NRR catalytic performance of Co3O4-CP 

 

 In view of this, we continued to test Co3O4-CP catalysts with different electrodeposition time to 

continue to optimize the NRR rate. As shown in Fig.4-4, when the electrodeposition time was increased 

from 1 to 5 min, the FE of NRR gradually increased from 78.7% to nearly 100%. This indicates that 

the quality of the Co3O4-CP (Co mass) loading on the carbon paper has an influence on the NRR. The 

reason why the Co3O4-CP-2 min (Co mass 1.07 mg) failed to achieve the maximum FE may be due to 

the insufficient Co mass loaded on carbon paper. As the electrodeposition time continued to increase to 

6 and 7 min, the FE of the NRR began to deviate from the optimal value. Here we speculate that it is 

due to excessive Co loading mass. The CoO or Co(OH)2 species reacted with NaClO to generate a large 

amount of Co3O4. When the mass of Co3O4 exceeded a certain value, the carbon paper will no longer 

be able to support, and part of the Co3O4 would fall off the electrode. Regarding this point, it has con-

firmed in many experiments, and found that Co3O4 has fallen off at the bottom of the reaction vessel. 

Therefore, in the following experiments, Co3O4-CP with an electrodeposition time of 5 minutes (Co 

mass 3.65 mg) was used as the working electrode.  

 

 



58 

 

Fig.4-4 The NH3 FE and yield rate of Co3O4-CP in different electrodeposition time at -1.0 VRHE 

 

 

 

4-3-3 Influence of high-temperature treatment time on catalytic performance 

 

The study aimed to determine the impact of varying high-temperature treatment durations (0 h, 2 

h, 12 h, 24 h, and 48 h) on the NRR. The data revealed that the NRR activity of the electrode exhibited 

optimal performance after 2 h of heat treatment (as seen in Fig.4-5). Interestingly, as the duration of 

heat treatment increased, the NRR performance of the electrode tended to decrease. This may have been 

caused by the prolonged heat treatment that led to catalyst aggregation, thereby reducing the number of 

available active sites for catalysis. [136, 137] 

 

 

Fig.4-5 NH3 FE and yield rate of Co3O4-CP under different high-temperature treatment time at −1.0 

VRHE 
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4-3-4 Influence of NaClO oxidation time on catalytic performance 

 

The effect of NaClO treatment time on NRR was subsequently investigated, wherein Co3O4-CP 

was prepared by controlling the NaClO treatment time (0 h, 2 h, 12 h, 24 h, 48 h, and 96 h), and their 

NRR activities were compared. As depicted in Fig. 4-7, the optimal NH3 FE and yield rate were ob-

served at 48 h of NaClO treatment. The XPS data revealed that the Co3O4 species content was highest 

in the 48 h treatment time, as shown in Table 4-2, thereby establishing a positive correlation between 

the Co3O4 species content and the NRR catalytic activity of the Co3O4-CP electrode. 

 

 

Fig. 4-6 XPS spectra of the various NaClO treatment time samples: (a) 0 h (b) 2 h and (c) 2 days. 
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Table 4-2 Percentage of various cobalt species in NaClO treatment time samples 

 

 Species concentration (atomic %) 

Samples Co CoO Co3O4 Others 

0 h 19 63 1 17 

2 h 14 55 14 17 

12 h 16 51 16 17 

24 h 13 49 19 19 

48 h 5 54 26 15 

72 h 5 52 22 21 

96 h 4 52 19 25 

 

 

 

 

Fig.4-7 (a) NH3 FE and yield rate of Co3O4-CP under different NaClO treatment time at −1.0 VRHE. 
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After optimizing the preparation process of Co3O4-CP, the performance of the NRR electrode was 

tested in a 0.1M Na2SO4 + 0.1M KNO3 solution at ambient conditions. The Co3O4-CP electrode 

achieved a FE of almost 100% (not less than 98.9%) from −0.2 VRHE to −1.0 VRHE. Moreover, it exhib-

ited a maximum NH3 yield rate of 3.43 mmol h-1 cm-2 at −1.0 VRHE (Fig. 4-8).  

 

 

Fig.4-8 The NH3 FE and yield rate of Co3O4-CP at different potentials. 

 

After one hour of catalytic reaction, the concentrations of by-products were analysed. The by-

product nitrite was found at a low concentration level ranging from 0.002 to 0.007 ppm (mg/L) (Fig. 4-

9). So, the NH3 selectivity for NRR is considered to be close to 100%.  

 

 

Fig.4-9 By-product nitrite concentration of Co3O4-CP at different potentials 
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4-3-5 Wide application range of the Co3O4-CP catalyst  

 

Catalysts having a wider range of applications have many benefits, some of which include: 1. 

Reduced cost and complexity: Using one catalyst with a wide range of applications can simplify the 

production process and reduce the number of different catalysts required. This reduces production costs, 

reduces catalyst management and maintenance, and simplifies the catalyst synthesis and recovery pro-

cess. 2. Promoting R&D and innovation: Catalysts with broad applicability can encourage more re-

search and innovation. Researchers can apply this catalyst to different chemical transformations and 

explore new reaction conditions and catalytic mechanisms, thereby promoting scientific progress and 

the development of new technologies. 3. Enhanced sustainability: Catalysts with broad applicability can 

be used in a variety of reactions, including eco-friendly reactions and sustainable chemical synthesis. 

This helps to reduce environmental pollution, save energy and resources, and promote the development 

of green chemistry. 4. Accelerated conversion rates: Catalysts with broad application ranges generally 

have higher catalytic activity and higher conversion rates. This makes the chemical reaction more effi-

cient and can be completed in a shorter time.  

All in all, catalysts with broader applicability are more flexible, economical, and environmentally 

sustainable, can promote R&D and innovation, and provide higher reaction selectivity and conversion 

rate. This makes catalysts with a wide range of applications valuable in many fields, such as chemical 

synthesis, energy conversion, and environmental protection. 

The effectiveness of Co3O4-CP for electrochemical NRR was analysed by conducting NRR tests 

at varying concentrations of nitrate and pH values. The findings have demonstrated that the Co3O4-CP 

is capable of maintaining nearly 100% FE at nitrate concentrations exceeding 0.02 mol/L (as shown in 

Fig. 4-10). Moreover, the NH3 FE of the Co3O4-CP remained largely unaltered in both neutral and 

alkaline solutions (Fig. 4-11). These results provide compelling evidence that the Co3O4-CP possesses 

remarkable efficiency in catalysing NH3 synthesis across a broad range of environmental conditions. 
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Fig.4-10 The NH3 FE and yield rate of Co3O4-CP under different nitrate concentrations at −1.0 

VRHE 

 

 

Fig.4-11 (a) NH3 FE of Co3O4-CP under different KOH concentrations at −1.0 VRHE, (b) NH3 yield 

rate of Co3O4-CP under different KOH concentrations at −1.0 VRHE. 
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reaction time was 7×24 hours. As shown in Table 4-3, the Co3O4-CP showed considerable stability, 

retaining more than 90% of the maximum ammonia yield and more than 95% of FE after 4×24 h of 

continuous NRR experiments. And after a 7×24 h NRR experiment, there is an overwhelming ad-

vantage over some of the reported catalysts in terms of ammonia yield. 

 

 

 

Fig.4-12 NH3 FE and yield rate of the Co3O4-CP in 12 h, 24 h, 2x24 h, 3x24 h, 4x24 h, 5x24 h, 6x24 

h and 7x24 h at −1.0 VRHE. 
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Table 4-3 Reported catalysts for the nitrate reduction to ammonia 

 

 

 

 

 

 

Catalysts FE NH3 yield  Conditions Ref 

Ti 82% - 
−1.0 VRHE 0.3 M KNO3 

acidic pH  
1 

TiO2 66.3% 0.024 mmol gcat
−1 h−1 

−1.6 VSCE 3.6 mM KNO3 

neutral pH 
2 

TiO2-x 85% 0.045 mmol gcat
−1 h−1 

−1.6 VSCE 3.6 mM KNO3 

neutral pH 
2 

Cu-PTCDA 85.9% 0.026 mmol cm−2 h−1 
−0.4 VRHE 3.6 mM KNO3 

neutral pH 
3 

Cu50Ni50 99% - 
−0.1 VRHE 0.1 M KNO3 pH 

14 
4 

Cu/Cu2O  95.8% 0.245 mmol cm−2 h−1 
−0.85 VRHE 14.3 mM KNO3 

neutral pH 
5 

Strained Ru 
nearly 

100% 

5.56 mmol gCo
−1 h−1 

(1.17 mmol cm−2 h−1) 
−0.2 VRHE 1 M KNO3 pH 14 6 

Co3O4-CP 
nearly 

100% 

2255 mmol gCo
−1 h−1 

(3.43 mmol cm−2 h−1) 

−1.0 VRHE 0.1 M KNO3 

neutral pH 
This work 

Used Co3O4-

CP  

(After 4×24 h) 

95.5% 
2100 mmol gCo

−1 h−1 

(3.20 mmol cm−2 h−1) 

−1.0 VRHE 0.1 M KNO3 

neutral pH 
This work 

Ru-based - ＜200 mmol gcat
−1 h−1 

High temperature and 

pressure 

Haber-

Bosch 

process 7 
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Fig. 4-13 XPS spectra of the different use of time samples: (a) 0 h (b) 12 h and (c) 7×24 h. 

 

4-3-7 Structure and morphology of Co-based catalysts on carbon paper 

 

The morphology of the obtained samples was observed by SEM, as shown in Fig. 4-14. It can be 

seen from Fig. 4-14a that the carbon paper was composed of complex interlaced carbon fibers. The 

enlarged image of the carbon paper was shown in Fig. 4-14b, and there were large voids among the 3D 

interlaced carbon fibers. It can be seen from Fig. 4-14c and d that the Co3O4-carbon paper (CP)obtained 

by the electrodeposition method can be uniformly attached to the carbon fibers. By comparing the SEM 

pictures of carbon paper and Co3O4-CP. It can be clearly found that the Co3O4-CP catalyst was densely 

and uniformly grown on carbon fibers by electrodeposition. On the basis of carbon paper, a Co3O4-CP 

electrode with a 3D porous structure was successfully fabricated. The CP was tested by NRR alone, 

showing almost no catalytic activity, thus eliminating the influence of CP on catalytic activity (Fig.4-

15). 
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Fig. 4-14 SEM image of (a) carbon paper (33.3 μm), (b) carbon paper (6.66 μm), (c) Co3O4-carbon 

paper (33.3 μm), (d) Co3O4-carbon paper (6.66 μm). 

 

 

Fig.4-15 NH3 FE of carbon paper at different potentials 
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To investigate the chemical composition and surface chemical state of the as-prepared electrodes, 

XPS measurements were performed. As shown in Fig.4-16a from the measured spectra of three different 

electrodes (Co-CP, CoO-CP and Co3O4-CP), all of them were mainly composed of Co and O elements. 

As shown in Fig. 2b, the peaks at 67.8 and 780.2 eV found in the Co3O4 sample belong to Co3O4, while 

the peaks at 78.7, 530.5 and 780.5 eV belong to CoO, and 779.8 eV belongs to Co(OH)2 . As shown in 

Fig. 4-16c and d, the XPS spectra of Co and CoO showed that at least two different cobalt compounds 

were contained therein. The reason why CoO, Co(OH)2 and trace of Co3O4 were found in the Co elec-

trode may be that scattered and fine Co was unstable in air and easily reacted with oxygen directly. This 

is in line with previous related studies [138, 139]. As shown in Table 1, the three electrodes contained 

different proportions of cobalt species. To determine the crystal structure, we performed a single crystal 

powder X-ray diffraction (XRD) test on the samples. The Fig. 4-17 shows the observed and calculated 

XRD patterns of the samples. The main diffraction peaks of Co-CP observed at 2θ=44.2° and 51.5° 

belong to (1,1,1) and (2,0,0) Co planes (PDF No: 00-015-0806). The main diffraction peaks of CoO-

CP observed at 2θ=42.4° and 61.5° belong to (2,0,0) and (2,2,0) CoO planes (PDF No: 00-009-0402). 

The main diffraction peaks of Co3O4-CP observed at 2θ=31.1°, 36.2°, 44.8° and 59.3° belong to (2,2,0), 

(3,1,1), (4,0,0) and (5,1,1) Co3O4 planes (PDF No: 00-042-1467). The intensity difference is attributed 

to disordered object species in the pores, which is not accounted for in the crystal structure model. These 

detection results demonstrate that Co-CP, CoO-CP and Co3O4-CP electrodes were successfully fabri-

cated.  

 

 

  

Fig. 4-16 XPS spectra of the samples: (a) survey scan, (b) Co-CP, (c) CoO-CP, and (d) Co3O4-

CP. 

(2) Co 2p(1) Co 3p (3) O 1s

(2) Co 2p(1) Co 3p (3) O 1s
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Fig. 4-17 XRD spectra of: (a) Co3O4-CP (b) CoO-CP and (c) Co-CP. 

 

Table 4-4 Percentage of various cobalt species in Co-CP, CoO-CP and Co3O4-CP samples. 

 Percentage (%) 

Samples Co CoO  Co3O4 

Co-CP 53 38 3 

CoO-CP 21 63 5 

Co3O4-CP 7 63 19 

 

 

4-3-8 Efficient and affordable the Co3O4-CP for NRR catalysts 

Another must-have feature for catalysts for large-scale practical application is affordability. The 

huge cost of precious metal catalysts will greatly limit their applications. Take the ruthenium-based 

(a)

(b)

(c) Co 00-015-0806 

CoO 00-009-0402 

Co3O4 00-009-0402 
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catalyst as an example [125], one of the best reported catalysts, the price of noble metal Ru was about 

312 times that of metal Co (The average price of Ru was 271.83 U.S. dollars per troy ounce (about 31.1 

g), Co was 28000 U.S. dollars per metric ton (106 g) in 2020). Calculated for ammonia production per 

gram of catalyst per hour, Ru was nearly 419 times higher than Co. From this calculation, the cost of 

producing moles of ammonia on the catalyst, the Co3O4-CP catalyst is about 130,000 times less than 

the Ru-based catalyst. Therefore, due to the advantages of Co3O4-CP catalyst in terms of high catalytic 

activity and affordable cost, it endows Co3O4-CP with great potential for NRR application. 
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4-4 Reaction Mechanism 

From the above analysis and discussion, it can be seen that the electrocatalytic NRR performance of 

the as-prepared Co3O4-CP electrode was excellent compared to previous studies. However, the origin 

of this efficient catalysis was unknown. Next, we sought to understand the origin of the efficient cata-

lytic ammonia electrosynthesis of Co3O4-CP electrode.  

 

4-4-1 high intrinsic activity of the Co3O4 species 

 

First, we compared the NRR activity of Co3O4-CP, CoO-CP and Co-CP electrodes, we can see that 

Co3O4-CP >CoO-CP>Co-CP. By studying the composition of the electrode, it can be clearly found that 

the reason for the best catalytic performance of the Co3O4-CP electrode may be that the content of 

Co3O4 species was the highest as shown in Table 1. Subsequent experiments with prolonged sodium 

hypochlorite treatment time again showed that the Co3O4 species content in the electrode can signifi-

cantly affect the FE and ammonia yield rate of NRR experiments. Then, the relationship between the 

composition change and catalytic activity of the Co3O4-CP electrode was compared. The FE and am-

monia yield rate of the Co3O4-CP electrode decayed after a period of time after continuous NRR-cata-

lyzed reaction. In this regard, XPS tests were performed to study the compositional changes of the 

electrodes. The Co3O4 species component in the electrode decays with the use of time, and the catalytic 

performance also decays. Therefore, the above three different test experiments have proved that the 

Co3O4 species and the high catalytic performance of NRR are closely related. After continuous use for 

7×24 h, the study under the condition that only 2% of the Co3O4 species remained in the electrode can 

obtain excellent catalytic performance in terms of ammonia yield rates compared to the previous study. 

From this, we can think that one of the origins of the efficient catalysis of NRR by the Co3O4-CP elec-

trode may be the high intrinsic activity of the Co3O4 species therein.  

 

 

4-4-2 The contribution of the 3D porous structure  

 

As discussed above and shown in Fig. 4-14, the Co3O4-CP electrode was confirmed to have a 3D 

porous structure. To confirm the effect of the 3D porous structure on the NRR experiments, Co3O4-Ti 

without the 3D porous structure was prepared as a control sample using the same preparation method. 

Here, the Ti plate substrate is a flat metal plate with a purity of 99%, as compared to the carbon paper 

substrate used before with a porosity of up to 80%. The results are shown in Fig. 4-18, the catalytic 

activity of Co3O4-Ti was significantly lower than that of Co3O4-CP at all tested voltages. Therefore, it 

can be considered that the high NRR catalytic activity of the Co3O4-CP electrode may originate from 

its 3D porous structure.   
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Fig.4-18 NH3 FE of Co3O4-CP and Co3O4-Ti at different potentials.  

 

4-4-3 Suppression of HER by the Co3O4 species 

 

 

The reaction solution system of this experiment was composed of 0.1M Na2SO4 and KNO3. From the 

previous by-product analysis results, it was found that there was almost no side reaction other than the 

HER. So there were only two reactions in the whole reaction process, NRR and HER:  

 

NO3
− + 8e− + 9H+ → NH3 + 3H2O(4-5) 

2H+ + 2e− → H2(4-6) 

 

According to previous studies, the current density at the same potential can be used as a standard 

to evaluate the HER activity of the electrode in the HER-only condition. [140-147] For this reason, the 

experiments in 0.1 M Na2SO4 solution were designed to investigate activity of the HER on the elec-

trodes. The electrodes with different Co3O4 species content were obtained using the same process by 

controlling different NaClO treatment time. They have different current densities at the same potential 

(Fig. 4-19).  
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Fig.4-19 The HER current density of electrodes with different Co3O4 species content at different 

potentials 

 

The electrode with higher Co3O4 species content has lower current density, which indicates its 

poorer HER activity. Meantime, these electrodes were tested for NRR performance in 0.1 M Na2SO4 + 

0.1 M KNO3 solution. The Co3O4-CP with higher Co3O4 species content showed higher NRR activity 

(Fig. 4-20).  

 

Fig.4-20 NH3 FE and yield rate of electrodes with different Co3O4 species content at −1.0 VRHE 
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Co3O4 species content on the Co3O4-CP suppressed the competitive HER and thus indirectly enhances 

the NRR activity in 0.1 M Na2SO4 + 0.1 M KNO3 solution at all given conditions.  

 

 

Fig.4-21 By-product nitrite concentration of electrodes with different Co3O4 species content at −1.0 

VRHE   

 

 

 

Fig.4-22 H2 FE of electrodes with different Co3O4 species content at −1.0 VRHE 
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4-5 Conclusion 

 

In conclusion, we successfully synthesized novel Co3O4-CP catalysts on carbon paper by a facile 

process using affordable Co metal and used them to electrocatalyze the reduction of nitrate to ammonia 

in neutral pH under ambient condition. Nearly 100% FE for ammonia synthesis can be maintained at 

application voltages from -0.2 VRHE to -1.0 VRHE. The highest ammonia yield was obtained as 3.48 

mmol h−1 cm−2, and the high catalytic activity of 2.98 mmol h−1 cm−2 remained after continuous use for 

7×24 h. The comprehensive experimental results suggest that the 3D porous structure of Co3O4-CP 

electrode, high intrinsic activity of Co3O4 species and its poor HER activity may be the origin of the 

excellent NRR catalytic activity of Co3O4-CP electrode. These excellent properties demonstrated the 

great application potential of using Co3O4 as an electrocatalyst for catalyzing nitrate reduction to am-

monia. 
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Chapter 5 Conclusion and discussion 

This thesis aims to explore and study catalysts for the efficient electrocatalytic reduction of nitrate 

to ammonia. Through in-depth studies on the mechanism and catalyst performance of this catalytic 

reaction, we aim to improve the energy efficiency and environmental sustainability of ammonia syn-

thesis. In this study, we employ a variety of experimental and characterization techniques, as well as 

theoretical simulations, to evaluate the catalytic activity and selectivity of different catalysts and reveal 

the details of the reaction mechanism. 

First, we reviewed the reaction mechanism of nitrate reduction to ammonia. This reaction involves 

a complex electrocatalytic process, including steps such as adsorption, dissociation, intermediate for-

mation, and ammonia release. We analyze different mechanistic hypotheses and reaction pathways and 

summarize key findings from previous studies. Then, we employed theoretical simulation methods, 

such as density functional theory (DFT), to explore the detailed mechanism of nitrate reduction to am-

monia. By constructing reaction models and calculating electronic structures, we are able to predict the 

structures and stability of reaction intermediates, and study the activation energy and reaction kinetics 

of key steps. These theoretical calculations provide insight into the details of the reaction mechanism. 

During the research, we also combined the experimental data for verification. Through electro-

chemical testing and catalyst characterization techniques, we obtained experimental observations of the 

reaction process. These experimental data and theoretical simulation results corroborate each other and 

strengthen our understanding of the mechanism of nitrate reduction to ammonia. At the end of Chapter 

2, we summarize the main findings from the mechanistic studies of nitrate reduction to ammonia. We 

identify the formation and dissociation processes of key reaction intermediates, revealing energy barri-

ers and rate-limiting steps in the reaction pathways. These findings have important implications for 

designing and optimizing highly efficient catalysts and improving reaction conditions for ammonia syn-

thesis. 

Overall, the findings in Chapter 2 provide insights into the mechanism of nitrate reduction to am-

monia. Through theoretical simulation and experimental verification, we revealed the characteristics of 

key reaction steps and intermediates, providing a theoretical basis for further improving the efficiency 
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and selectivity of ammonia synthesis. These research results are of great significance for promoting the 

development and application of ammonia synthesis.  

The Chapter 3 of this dissertation focuses on the study of copper and cobalt-based catalysts in the 

reduction of nitrate to ammonia. We found that the ammonia selectivity is likely to be directly influ-

enced by the elemental species, and the cobalt-based catalysts exhibited excellent catalytic potential. 

First, we detail the use of copper and cobalt as catalysts for the reduction of nitrate to ammonia. 

These two catalysts have been widely studied and applied to this reaction, and have different catalytic 

activities and selectivities. We summarize the characteristics and performance of copper- and cobalt-

based catalysts in previous studies. 

Next, we designed and prepared a series of copper- and cobalt-based catalysts, and evaluated their 

catalytic performance. Through electrochemical tests and product analysis, we determined the catalytic 

activity and ammonia selectivity of the different catalysts. The results show that the cobalt-based cata-

lyst exhibits excellent catalytic performance with high ammonia selectivity and high electrocatalytic 

activity, while the copper-based catalyst has relatively low ammonia selectivity. 

To explain this finding, we performed further characterization and analysis. Using X-ray photoe-

lectron spectroscopy (XPS), and other characterization techniques, we investigated the surface compo-

sition, crystal structure, and morphology of the catalysts. These characterization results reveal the mi-

croscopic features of copper and cobalt-based catalysts, providing an explanation for their differences 

in catalytic performance. 

Finally, we discuss the underlying mechanism of cobalt-based catalysts in the reduction of nitrate 

to ammonia. We propose a possible reaction mechanism involving the formation and dissociation of 

active sites and intermediates on the cobalt catalyst surface. The results of these mechanistic studies 

provide guidance for further optimizing the activity and selectivity of Co-based catalysts. 

In summary, the Chapter 3 of this thesis investigates the performance of copper- and cobalt-based 

catalysts in the reduction of nitrate to ammonia. We found that the ammonia selectivity is likely to be 

directly affected by the elemental species, and the cobalt-based catalyst exhibited excellent catalytic 

potential. These findings are of great significance for developing highly efficient catalysts for ammonia 



78 

synthesis and improving reaction selectivity, and provide a basis for further catalyst design and optimi-

zation.  

The Chapter 4 focuses on exploring methods for improving the performance of Co3O4 catalysts, 

and found that Co3O4 can obtain extremely high catalytic ability on carbon paper supports. 

First, we introduce the application of Co3O4 as a catalyst in the reduction of nitrate to ammonia. 

We summarize the properties and performance of Co3O4 in previous studies, including its electrocata-

lytic activity and selectivity. 

We then look at ways to enhance the catalytic performance of Co3O4. We chose carbon paper as 

the support and prepared Co3O4catalyst/carbon paper composites. By controlling the preparation con-

ditions and the loading amount of the catalyst, we obtained highly dispersed and uniformly distributed 

Co3O4 particles on carbon paper. 

Next, we performed catalytic performance evaluations and compared them with conventional cat-

alysts. Through electrochemical tests and product analysis, we found that the Co3O4-CP catalyst exhib-

ited extremely high catalytic ability, high ammonia selectivity and excellent electrocatalytic activity. 

This result indicates that the catalytic performance of Co3O4 has been significantly enhanced under the 

synergistic effect of the carbon paper support. 

To gain insight into this finding, we performed further characterization and analysis. We studied 

the structure and morphology of Co3O4-CP composites by scanning electron microscopy (SEM), trans-

mission electron microscopy (TEM) and X-ray diffraction (XRD). These characterization results reveal 

the uniform distribution of Co3O4 particles and the conductive properties of carbon paper, providing an 

explanation for the enhanced catalytic performance. 

Finally, we discuss the reason why Co3O4-CP exhibits extremely high catalytic ability on carbon 

paper. We speculate that this may be due to the fact that the carbon paper provides a better electron 

transport path and a larger active surface area, which promotes the reactivity of the Co3O4 catalyst. 

In summary, the fourth chapter focuses on improving the performance of Co3O4-CP catalysts, and 

found that Co3O4-CP can obtain extremely high catalytic ability on carbon paper supports. This study 

provides important insights into the development of highly efficient catalysts for ammonia synthesis 
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and optimization of support materials, and provides valuable guidance for further research and applica-

tions in related fields. 
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