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ABSTRACT 

Electrochemical synthesis of ammonia has recently attracted enormous interests from 

research societies, industries, and governments. Such electrochemical approach has demonstrated 

the great potential to become the next-generation ammonia-manufacturing technology that is 

scale-flexible, energy-efficient, and environmentally friendly. The research of this dissertation 

has been primarily conducted on the investigation into the electrodes of ammonia formation in 

alkaline membrane electrosynthesis under ambient pressure and temperature. In order to address 

the research needs for understanding electrode functions for ammonia formation, the three 

research aspects of electrode substrates, nitrogen-reduction catalysts, and water supply have been 

chosen as the three major focuses. The experimental results have shown that electrode substrates 

have dramatic impact on faradaic efficiency of ammonia formation through materials 

hydrophilicity: the higher hydrophilicity leads to higher faradaic efficiency among four typical 

substrates. The study on metallic catalysts revealed that there are two catalyst groups based on 

the distinct favorable electrode potential (either −0.20~−0.25 V vs. RHE; or −0.05 V vs. RHE). 

The catalytic activity of the eight chosen metallic catalysts follows the descending trend in each 

group: Co, Fe, Ru, and Mo for the first group; and Pd, Rh, Ni, and Pt. for the second group. The 

study on water supply exhibited the effect of relative humidity on ammonia productivity: 75% of 

relative humidity on both cathode and anode is the optimum for symmetric water supply; and the 

combination of 58% relative humidity on cathode and 167% relative humidity on anode provides 

the highest ammonia productivity for asymmetric water supply. The research findings provide 

useful guidance for both materials selection and operational optimization, helping the design of 

the future electrodes for advanced ammonia electrosynthesis.  
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Ammonia is an inorganic compound of nitrogen element and hydrogen element with the 

chemical formula of NH3. Under ambient conditions, ammonia is a colorless gas with a pungent 

odor. Ammonia is a common nitrogenous waste of organisms, and it is also a natural source of 

nitrogen element as an important nutrition for plants. Ammonia can be found in environment 

from decomposing manure, forest fires, volcano eruptions, and microbial degradation of nitrogen 

compounds in soil [1].  

In modern industry, ammonia is a very important chemical largely used to manufacture 

agricultural fertilizers. Ammonia is also used in tremendous applications including dyes for 

textile products, equipment for controlling emissions and air quality, fuel and fuel additives, 

oxidizing and reducing agents, catalysts, chemicals, refrigerant, explosive materials, food 

packaging, lawn and garden care products, metal products, paper products, plastic and rubber 

products, water treatment products [1]. 

 

1.2 Industrial Practice 

In U.S., approximately 88% of ammonia production is currently used for making 

fertilizers, most of which is utilized for corn planting to boost the yields. According to the U.S. 

Department of Agriculture, U.S. corn growers planted 36.1 million hectares of corn in the 2018 

crop year and consumed 6.1 million ton of synthetic nitrogen from artificial fertilizers (2016 crop 

year) [2].  
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In the early 20th century, German chemist Fritz Haber worked with a student at the 

University of Karlsruhe to synthesize ammonia from nitrogen and hydrogen gases. During the 

same period, Walther Nernst synthesized ammonia using iron catalyst during nitrogen and 

hydrogen reaction at 1,000 °C of temperature under 75 barg of pressure. In 1906, Haber reached 

6% ammonia concentration synthesized using a reactor loaded with an osmium catalyst. In 1910, 

Carl Bosch and his team developed a promoted iron catalyst to produce ammonia [3]. The 

promoted iron catalyst enabled the commercialization of this ammonia-synthetic process, leading 

to the first Haber-Bosch ammonia plant. 

Catalysts played an important role in Haber-Bosch process, and the development of 

catalysts had successfully increased the ammonia productivity from 5 tons per day in early days 

to the 2,200 tons per day nowadays and reduced the needed pressure from 1,000 bar to 100 bar 

accordingly. Table 1 shows the development of ammonia-synthetic catalysts in which Ba/Cs-

promoted Ru catalyst supported on graphitized carbon was the latest developed catalyst. This 

catalyst had showed ten times higher activity than traditional iron-based catalyst at low pressure. 

In 2010, only 16 of ~500 ammonia plants used Ru-based catalysts because of its higher cost and 

shorter lifetime (Table 2) [4]. 

 

TABLE 1 

DEVELOPMENT OF AMMONIA SYNTHESIS CATALYSTS [4] 

DEVELOPMENT STAGE YEAR INVENTOR 
CATALYST 

TYPE 

Fe3O4-based catalyst 1913 BASF, Germany S6-10, KM 

Fe1−xO-based catalyst 1986 Zhejiang Univ. of Technol., China A301, ZA-5 

Ru-based catalyst 1992 UK-BP, Japan KAAP 
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TABLE 2 

COMPARISON BETWEEN IRON CATALYSTS AND RUTHENIUM CATALYSTS [4] 

CATALYST TYPE RESOURCE 
TEMPERATURE 

(°C) 

PRESSURE 

(MPa) 
H2/N2 

Fe abundant 350 – 525 (wide) 10 – 30 2 – 3 

Ru/AC scarce 325 – 450 (narrow) ≤ 10 ≤ 2 

 

In 1913, BASF built the first commercial ammonia plant with a capacity of 30 tons per 

day (Figure 1). In the mid-1960s, KBR built the first single-train ammonia plant with a capacity 

of 544 tons per day s shown in Figure 2. Today, TKIS offers a conventional plant with a capacity 

of 3,300 tons per day with integrating the TKIS dual-pressure process to the KBR plant [3]. 

 

Figure 1. The flowsheet of the first commercial ammonia plant by BASF [3] 
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Figure 2. The flowsheet of the common ammonia plant by KBR [3] 

 

In 2018, U.S. consumed 14.6 million metric tons of ammonia, 75% of which was 

produced domestically (or 12.5 million ton) and 25% of which was imported (or 2.6 million ton). 

U.S. is ranked as the third top ammonia-producing country in 2018, following China as the first 

with 44 million metric tons, and Russia as the second with 14 million metric tons [2].  

In 2018, the global demand for fertilizer nutrient of nitrogen supplied from ammonia has 

reached 115.4 million metric tons, and the global demand for synthetic ammonia is expected to 

increase in coming decades [5]. The increase in the population is the main reason pressing the 

demand on synthetic ammonia towards food production. The world’s population is anticipated to 

continue to grow by 1.1 per cent per year which is equal to 83 million people annually. In 2019, 

the world’s population has reached 7.7 billion and it is projected to increase to 8.6 and 9.8 billion 
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in 2030 and 2050, respectively. [6]. In U.S., the population has reached 329 million in 2019, and 

it is expected to reach 417 million in 2060 [7].  

 

1.3 Alternative Approaches 

Today, the Haber-Bosch is the dominating industrial approach for producing synthetic 

ammonia. After a century of development, this process still requires high pressure (150–300 atm) 

and high temperature (400–500 °C). The reactants for this process include N2 separated from air 

and H2 synthesized from reforming natural gas. Both Haber-Bosch process and the reforming 

process of natural gas are endothermic, rendering the production of ammonia to be heavily 

energy-intensive. In fact, producing synthetic ammonia consumes annually more than 1% of the 

global energy supply and makes up 3% of the global greenhouse-gas emissions. Moreover, these 

plants are installed generally at a cost of more than $1 billion per plant because of their extreme 

conditions and needed complicated processes to reach the desired production. With dwindling 

resources of fossil fuels and rising concerns over increasing greenhouse-gas emissions, more 

sustainable and economical alternative approaches are of great research interest to synthesize 

acritical ammonia for meeting the demands on food production [8]. 

 

1.3.1 Plasma Synthesis of Ammonia 

As the fourth fundamental state of maters, plasma is mixture of ions and free electrons, 

and it can be created by ionizing gases via electrification. Based on temperature, plasma is 

classified into two categories: high-temperature plasmas (HTPs) and low-temperature plasmas 

(LTPs), as shown in Table 3. In HTPs, the temperatures of electrons and ions are at 107 K or 

higher, and both electrons and ions always the same temperature. In LTPs, the temperatures of 
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the electrons and ions are at 105 K or lower. Depending on whether or not the temperature is the 

same for both the electrons and ions, the LTPs can also be divided into two sub-groups: thermal 

LTPs (same temperature, typically at 104 K) and non-thermal LTPs (different temperatures). In 

non-thermal LTPs, the temperature of electrons is around 105 K, and ions are at the room 

temperature. Non-thermal LTPs can be produced in different types of gas discharges, shown in 

Table 4 [9]. 

 

TABLE 3 

CLASSIFICATION OF PLASMAS [9] 

Classa 
(LTP)b 

(HTP)c 
THERMAL NON-THERMAL 

Ti
d 

(K) 
≤ 2 × 104 300 ≥ 107 

Te
e 

(K) 
≤ 2 × 104 ≤ 105 ≥ 107 

E.gf 
Arc plasma at normal 

pressure 

Low pressure glow discharge barrier 

discharge corona plasma jets 
Fusion plasmas 

[a] Class: Classification 

[b] LTP: Low Temperature Plasma 

[c] HTTP: High Temperature Plasma 

[d] Ti: Ion Temperature 

[e] Te: Electron Temperature 

[f] E.g: Examples 

 

TABLE 4 

GAS DISCHARGES FOR PRODUCING NON-THERMAL PLASMAS [9] 

DISCHARGE TYPE 
POWER 

(W/cm3) 

TEMPERATURE 

(K) 

FREQUENCY 

(kHz) 

Pulsed corona 1 – 50 Room 1 – 1000 

Pulsed glow discharge 10 – 500 < 600 0.05 – 5 

Glow discharge 50 – 500 Room D.C. 

Micro-hollow cathode discharge < 104 2000 D.C. 

Plasma torch 104 3000 D.C. 

DBD 1 – 50 Room 0.05 – 100 

RF discharge 3 – 30 < 600 13,560 

Microwave discharge N/A N/A 2.45 × 106 
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In 2010, Horvath et al. reported the highest production rate of ammonia in the plasma-

based synthesis using packed bed DBD (dielectric-barrier discharge) and borosilicate glass balls 

as catalysts, shown in Figure 3. Ammonia was produced in a concentration of 0.3vol.% at a rate 

of 704 µmol min−1. The energy consumption of the plasma-based ammonia synthesis was 3.7 kJ 

L−1 [10]. 

 

 

Figure 3. Schematic diagram of the experimental apparatus in the plasma-based ammonia 

synthesis [10] 

 

Plasma-enabled ammonia synthesis has the advantage in the simplicity of reaction and as 

in the control of synthesis. The reaction of the plasma-enabled ammonia formation is one-step 

process, and the reaction can be immediately operated by instantaneously starting and stopping 

plasma. The greatest challenge of widely adopting the plasma-enabled ammonia synthesis for 

possible commercial practice lies in its very low energy efficiency. The highest energy efficiency 

of plasma-based ammonia synthesis is 30 gNH3 kWh−1, which is still more than an order of 
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magnitude lower than that of conventional processes (500 gNH3 kWh−1 for large-scale Haber–

Bosch) [11]. In addition, the concentration of ammonia product is also lower for the plasma-

based approach (up to 12%, state of the art) than for the Haber-Bosch approach (20% and higher) 

[9]. 

 

1.3.2 Photochemical Synthesis of Ammonia 

There are two types of ammonia photosynthesis: photo(electro)catalytic NRR and 

photocatalytic NRR. Photocatalytic NRR proceed in three steps: a) the generation of photo-

excited electrons and holes, b) the separation and migration of them to surface active sites, and c) 

the NRR with the photo-excited electrons on one side and the reaction with the photo-induced 

holes on the other side to form oxidation products. Photo(electro)catalytic NRR is similar to 

photocatalytic NRR in the first two steps, and their difference is in the third step. 

Photo(electro)catalytic NRR involves an applied electrical potential, but photocatalytic NRR 

does not. 

There are three classes of photocatalysts: bio/inorganic hybrids, biomimetic chalcogels, 

and pure inorganic semiconductors, shown in Table 5. Two of the three above classes are based 

on the FeMo system, since FeMo proteins are the known biological catalysts for nitrogen 

fixation. The structure of FeMo catalytic system consists of three iron atoms in the 2+ oxidation 

state, four iron atoms in the 4+ oxidation state, and a molybdenum atom with a 3+ oxidation state 

[136]. Hydrogen terminated diamond and black silicon are two reported photo(electro)catalysts, 

shown in Table 6 [12]. 
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TABLE 5 

EXAMPLES OF RECENTLY DEVELOPED PHOTOCATALYSTS FOR THE NRR AT 

AMBIENT CONDITIONS [12] 

PHOTOCATALYST 
REACTION 

SOLUTION 
Reaca 

Tb 

(°C) 
NRRd RATE 

QEc 

(%) 

LIGHT 

SOURCE 

CdS:nitrogenase MoFe 

protein biohybrid 
500 mM HEPES N2/H2O 25 

315 ± 55 nmol (mg 

MoFe protein)−1 min−1 
3.3 405 nm 

FeMoS chalcogels 
Pyridinium hydrochloride 

and sodium ascorbate 
N2/H2O 25 

0.11 µmol (µmol 

catalyst)−1 h−1 
N/A 

150 W Xenon 

lamp 

BiOBr nanosheets Water N2/H2O 25 10.42 µmol h−1 g−1 0.23 Visible light 
[a] Reac: Reactant 

[b] T: Temperature  

[c] QE: Quantum efficiency 

[d] NRR: Nitrogen Reduction Reaction 

 

TABLE 6 

EXAMPLES OF RECENTLY DEVELOPED PHOTO(ELECTRO)CATALYSTS 

FOR THE NRR AT AMBIENT CONDITIONS [12] 

PHOTO(ELECTRO)-

CATALYST 
ELECTROLYTE Reaca 

Tb 

(°C) 
NRRd RATE 

QEc 

(%) 
LIGHT SOURCE 

ECG graded B-doped 

diamond 
Water N2/H2O 25 1.8 µg h−1 N/A 

450 W high-pressure 

Hg/Xe lamp 

Gold NP/bSi/Cr Na2SO3
2− N2/H2O 25 13.3 mg m−2 h−1 3.0 × 10−3 2 simulated suns 

[a] Reac: Reactant 

[b] T: Temperature  

[c] QE: Quantum efficiency 

[d] NRR: Nitrogen Reduction Reaction 

 

In 2016, Brown et al. reported the highest quantum efficiency of 3.3% with an ammonia-

formation rate of 315 nmol mgMoFe
–1 min–1 shown in Figure. 4. The biohybrid photocatalyst of 

cadmium sulfide nanocrystals with nitrogenase MoFe protein was used in that work with a light 

irradiation at 405 nm under ambient conditions [13]. 
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Figure 4. Reaction scheme for N2 reduction to NH3 by (A) nitrogenase Fe protein (in nature) (B) 

Cds:MoFe protein biohybrids (photochemically) [13] 

 

Photochemical ammonia synthesis is particularly attractive in that clean and free sunlight 

can be utilized as energy sources to make ammonia using semiconductors as photocatalysts. 

However, the existing photocatalysts are limited by not only the ineffective light absorption but 

also the fast electrons-holes recombination, causing the energy efficiency of ammonia synthesis 

to be far below the acceptable level in industrial applications [14]. 

 

1.3.3 Electrochemical Synthesis of Ammonia 

In addition to the plasma-enabled synthesis, the photochemical synthesis, the 

electrochemical synthesis of ammonia is another alternative approach to manufacture ammonia. 

Electrochemical approach has gained most research interest worldwide, as it is promising to offer 
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higher energy efficiency and lower materials/equipment cost. Besides, the electrochemical 

process can be engineered in modular and compact fashion, desirable for distributed and scale-

flexible ammonia production. Moreover, electrochemical approach can be powered by 

intermittent electricity from a wide variety of renewable sources such as solar cells and winds 

turbines [15]. 

Figure. 5 compares the flow diagrams for ammonia production between the Haber-Bosch 

process and an envisaged electrochemical route. Clearly, the electrochemical approach is 

fundamentally simpler in process/system design than the well-established Haber-Bosch 

approach. One key advantage of electrochemical systems is the physical separation between the 

anodic and cathodic reaction by placing electrolytes in between. This separation allows for 

individual engineering on each reaction with wide range of electrode materials and architectures. 

The separation of feeding gases of reactants to each electrode also simplifies the product 

concentration and purification, reducing the system complexity and cost [8]. In addition, 

electrochemical ammonia synthesis can use inexpensive and renewable feedstocks: air as 

nitrogen source and water as hydrogen source, which might drastically reduce the operational 

cost and enormously enhance positive environmental impacts.  
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Figure 5 Flow diagrams comparing (a) industrial practice (Haber – Bosch) (b) electrochemical 

synthesis of ammonia [16] 

 

Remarkable efforts have been dedicated to understanding and advancing the 

electrochemical approach, making significant progresses in the past decade. A techno-economic 

study showed that the electrochemical approach would be commercially viable when achieving 

the following key performances: 0.25 − 0.5 A cm−2 of current density, 50% of columbic 

efficiency, and 0.4 − 0.9 µmol cm−2 s−1 of ammonia productivity [16]. 

The technical details of electrochemical ammonia synthesis are discussed in Chapter 2. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Electrochemical Synthesis of Ammonia 

Many electrochemical routes have been proposed and investigated for ammonia 

synthesis. The major difference of those electrochemical routes lies in the electrolyte which not 

only largely determines the operational conditions such as temperature and pressure but also 

limits the choice of electrode materials. Currently, there are four major types of electrolytes with 

each distinct conducting ion: proton (H+), hydroxide (OH−), nitride-ion (N3−), and oxide-ion 

(O2−). 

 

2.1.1 Proton-Conducting Electrolytes 

2.1.1.1 Nonaqueous-Solvent Electrolytes 

 

TABLE 7 

PROTON-CONDUCTING NONAQUEOUS-SOLVENT ELECTROLYTES 

ELECTROLYTE + CATHODE CATALYST 
rNH3

a 

(mol s−1 cm−2) 

Λb 

(%) 

Tc 

(°C) 

Pd 

(barg) 
Refe 

Glyme + NiCr 1.07E-08* 19.7 25 0 [17] 

THF + Fe 3.99E-09 57.7 25 49 [20] 

THF + Cu 2.07E-09 59.8 25 49 [20] 

THF + Cu 1.68E-09 48.7 25 49 [19] 

THF + Hg 2.08E-10 6.6 25 0 [36] 

THF + Hg 1.94E-10 8.8 25 0 [36] 

THF + Hg 1.40E-10* 75 25 0 [18] 

THF + Au 1.00E-10 18 25 0 [25] 

MeOH + Pt 9.88E-11 6.6 25 49 [37] 

C2H8N2 + Ni 3.58E-11 17.2 25 0 [22] 

[C4mpyr] [eFAP] + Fe 2.07E-11 30 20 0 [24] 

IPA + Ni 1.54E-11 0.89 25 0 [38] 

THF + Pt/C 7.11E-12 0.95 25 0 [23] 

[P6,6,6,14] [eFAP] + Fe 2.49E-12 60 20 0 [24] 

[C9H20N]+[(C2F5)3PF3]
− + Cp2TiCl2 0.07 µmol cm−2 0.2 25 0 [21] 

[*] Assumption: 1 cm2 electrode area 

[a] rNH3: Ammonia productivity 

[b] Λ: Faradic efficiency 

[c] T: Temperature 

[d] P: Pressure 

[e] Ref: References 
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To the best of our knowledge, Tamelen et al. [17] reported the first electrochemical 

reduction of nitrogen in a nonaqueous-solvent electrolyte to synthesize ammonia. The 

experiment was conducted using an electrolysis cell consisted of nichrome cathode, aluminum 

anode, and a 60-mL glyme solution as a nonaqueous-solvent electrolyte.  

The glyme solution contained 1.68 mmol of titanium tetraisopropoxide which served as 

catalyst, 7.6 mmol of naphthalene as electron conductor, 8.6 mmol of tetrabutylammonium 

chloride, and 42 mmol of aluminum isopropoxide as nitride conductor. 

As shown in Figure 6, at the cathode, naphthalene is electrochemically reduced to form 

the reduced naphthalene (as a radical anion). In solution, the reduced naphthalene chemically 

reduces the titanium-nitrogen complex forming the reduced titanium-nitrogen complex and to 

give back the naphthalene. At the anode, the aluminum is electrochemically oxidized to form the 

oxidized aluminum. In solution, the oxidized aluminum and the reduced titanium-nitrogen 

complex chemically react to form aluminum nitride and titanium (II). The aluminum nitride later 

hydrolyze in the presence of proton to form the ammonia as final product and aluminum back for 

next reaction cycle; While the titanium (II) will form titanium-nitrogen complex with nitrogen 

for next reaction cycle. A cell voltage of 40 V was applied on the electrolysis cell for 11 days, 

producing 10.2 mmol of ammonia in total. Ammonia product was collected using hydrochloric 

acid solution as ammonia trap. 

 



 

15 

 

 

Figure 6. The working principle of ammonia electrochemical reduction [17] 

 

Tsuneto et al. [20] reported the highest rate of ammonia production in this category. A 

single-compartment glass cell was used with a reference electrode separated by glass flirt from 

the single-compartment cell. The reference electrode was constructed with Ag/AgCl/ in a THF 

solution containing 0.01 M LiCl and 0.2 M LiCIO4. A platinum wire was used as the anode and 

different metals were used as cathode. A 150 ml solution of the THF solution containing 0.2 M 

LiClO4 and 0.18 M ethanol was used as the electrolyte. The cell was controlled under high 

pressures (e.g., 50 bar) in an autoclave at ambient temperature. During operation, a nitrogen gas 

at a flow rate of 4-8 mL min−1 was fed into the electrolyte, and a constant current density of 2 

mA cm−2 was applied to the cell. 

At the cathode, Li+ ion from the electrolyte is electrochemically reduced to form lithium 

metal on the surface of the cathode. The lithium metal chemically reacts with nitrogen forming 

lithium nitride. The lithium nitride is hydrolyzed by ethanol (i.e., ethanolysis) to form ammonia 

as final product and lithium ion back to electrolyte. The produced ammonia was collected by 30 

mL of 0.1 M H3BO3 solution, followed by analysis using indophenol method and ammonia 

sensing electrode. 
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The effect of nitrogen pressure was investigated with different cathode materials. The 

higher nitrogen pressure leads to higher performance for ammonia synthesis. Taking iron 

cathode as an example, the faradaic efficiency drastically increases from 6.0% under 1 atm to 

57.7% under 50 atm of nitrogen pressure. Among all metals tested as cathode, Fe cathode 

exhibited the highest rate of ammonia production at 3.99 nmol s−1 cm−2, followed by Ti, Mo, Ni, 

and Cu, as shown in Table 8. 

 

TABLE 8 

PERFORMANCE OF AMMONIA SYNTHESIS AT DIFFERENT METALLIC CATHODES 

UNDER 50 ATM OF NITROGEN PRESSURE [20] 

CATHODE MATERIAL 
PRODUCTION 

(µmol NH3) 

Λa 

(%) 

Λa UNDER 1 ATM 

(%) 

Fe 99.6 57.7 6.0 

Ti 88.0 50.9 8.2 

Mo 84.9 49.2 7.3 

Ni 80.0 46.3 6.5 

Cu 73.3 42.4 5.3 

Pd 28.7 33.2 N/A 

Ag 43.8 25.4 8.4 

Zn 27.5 22.7 4.5 

Mg 5.9 10.6 N/A 

Pb 16.8 9.7 0.3 

Pt 3.7 2.2 N/A 

Sn 1.8 1.1 N/A 

Au 1.0 0.6 N/A 

Al 0.5 0.3 0.5 

[a] Λ: Faradaic efficiency 

 

The effect of supporting salts on cell performance was investigated using the same 

copper cathode under the same nitrogen pressure of 50 atm, as shown in Table 9. Compared with 

LiClO4, Li (CF3SO3) as supporting salt increased the faradaic efficiency to 59.8% from 48.7%. 

Accordingly, Li (CF3SO3) as supporting salt also increased the rate of ammonia productivity to 

2.07 nmol s−1 cm−2. 
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TABLE 9 

EFFECT OF SUPPORTING SALT ON THE PERFORMANCE OF AMMONIA SYNTHESIS 

UNDER 50 ATM OF NITROGEN PRESSURE [20] 

SUPPORTING SALT 
PRODUCTION 

(µmol NH3) 

FARADAIC EFFICIENCY 

(%) 

LiClO4 84.2 48.7 

LiBF4 61.7 54.2 

Li (CF3SO3) 103.3 59.8 

NaClO4 0.4 0.3 

Bu4NClO4 1.6 0.9 

 

Zhou et al. [24] reported the highest faradaic efficiency for ammonia electrosynthesis in 

this category using ionic liquid for electrolyte. Compared with many other nonaqueous solvents, 

some ionic liquids have high nitrogen solubility, which is considered to be advantageous for 

ammonia electrosynthesis.  

An H-cell with a glass frit separating cathode and anode compartments was used as the 

electrochemical setup. Platinum was used as anode material, and an Ag/Ag+ electrode as used as 

reference electrode, which was calibrated by Fc/Fc+ redox couple before use. High-purity 

nitrogen gas with specified content of water (50 ppm) was fed to the cathode compartment to 

supply both nitrogen and water for the reaction of ammonia formation. A constant potential of 

−0.8 V vs. NHE was applied to the cell for electrochemical operation. The synthesized ammonia 

was collected in 1 mM H2SO4 as trap, followed by analysis using the indophenol method. 

Prepared by electro-deposition on two different substrates, metallic iron was used as 

cathode catalyst. Using trihexyl(tetradecyl) phosphoniumtris(pentafluoroethyl) 

trifluorophosphate ([P6,6,6,14][eFAP]) as the electrolyte and fluorine doped tin oxide glass (FTO) 

as the substrate yielded the highest faradic efficiency of 60% and the ammonia productivity of 

2.49 pmol cm−2 s−1 (Figure 7a) By contrast, using 1-butyl-1-methylpyrrolidinium 

tris(pentafluoroethyl) trifluorophosphate ([C4mpyr][eFAP]) as the electrolyte and stainless steel 
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(SS) mesh as the substrate yielded the highest ammonia productivity 20.73 pmol cm−2 s−1 and a 

faradaic efficiency of 30%. 

 

 

Figure 7. (a) Faradaic efficiency (b) the ammonia productivity on different electrodes and 

different ionic liquids under a constant potential of −0.8 V vs. NHE [24] 

 

Lee et al. [25] recently used THF as nonaqueous solvent to construct the electrolyte for 

ammonia electrosynthesis. Specifically, the THF electrolyte contains 1 vol. % of ethanol as co-

solvent and CH3SO3Li as supporting salt. Gold and platinum were used to serve as cathode and 

anode materials, respectively. Ag/AgCl electrode was used as reference electrode. Hydrophobic 

layer of zeolitic imidazolate framework-71(ZIF) and silver nano-cubes were used as the cathode 

catalyst.  

A nitrogen gas at a flow rate of 3 mL min−1 was bubbled into the cell. A constant 

potential of −2.5 V vs. RHE was applied to the cell under ambient conditions. The produced 

ammonia was collected and analyzed using the indophenol blue method and quantified. The 

ammonia productivity was 10 pmol cm−2 s−1
 with 18% of faradaic efficiency (Figure 8).  
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Figure 8. Effective rate of ammonia formation and faradaic efficiency for Ag-Au@ZIF and Ag-

Au electrodes platforms [25] 

 

2.1.1.2 Polymer Electrolyte 

TABLE 10 

PROTON-CONDUCTING PLOYMER ELECTROLYTES 

ELECTROLYTE + 

CATHODE CATALYST 

rNH3
a 

(mol s−1 cm−2) 

Λb 

(%) 

Tc 

(°C) 

Pd 

(barg) 
Refe 

Nafion + SmFe0.7Cu0.1Ni0.2O3 1.13E-08 90.4 80 0 [28] 

Nafion + Sm1.5Sr0.5NiO4 1.05E-08 92.09 80 0 [29] 

Nafion 211 + Pt/C 3.50E-09 0.7 25 0 [31] 

Nafion + Pt/C 3.30E-10 6.0 80 0 [35] 

Nafion 102 + Sm1.5Sr0.5NiO4 1.05E-11 N/A 80 0 [30] 

Nafion 211 + Ir/C 2.12E-12 0.01 80 0 [109] 

Nafion 417 + Ru 4.90E-13 0.0015 25 0 [26] 
[a] rNH3: Ammonia productivity 

[b] Λ: Faradaic efficiency 

[c] T: Temperature 

[d] P: Pressure 

[e] Ref: References 

 

To the best of our knowledge, cook et al. [26] first reported a polymer electrolyte 

electrochemical cell with A Nafion 417 membrane. Ruthenium and platinum catalysts were 

deposited on each side of the Nafion membrane as cathode and anode, respectively. The cathode 

was fed with nitrogen at 20 mL min−1 of low rate; the anode was fed with the mixture of 90% 

argon and 10% hydrogen. 
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At the anode, hydrogen is oxidized to protons which transfer to the cathode through the 

membrane. At the cathode, nitrogen is reduced to ammonia with protons. The produced ammonia 

was analyzed using the indophenol method. As shown in Table 11, the highest faradic efficiency 

was 0.0015% with an ammonia productivity of 0.49 pmol cm−2 s−1
 at the current density of 3.12 

mA cm−2. 

 

TABLE 11 

FARADAIC EFFICIENCIES FOR AMMONIA FORMATION FROM N2 [26] 

CURRENT DENSITY 

(mA/cm2) 

FARADAIC EFFICIENCY 

(%) 

2.09 0.0010 

3.12 0.0015 

4.2 0.0008 

 

 

GaoChao et al. [28] reported the highest ammonia productivity in this category using a 

Nafion membrane. SmFe0.7Cu0.3-xNixO3 (SFCN) (x = 0, 0.1, 0.2, 0.3) was used as cathode 

catalyst, and nickel-samaria-doped ceria NiO-Ce0.8Sm0.2O2−δ (NiO-SDC) ceramic discs was used 

as anode catalyst. Ceramic discs were polished and coated by silver and palladium past to act as 

current collectors for both electrodes. These ceramics were bound with membrane by using 5% 

Nafion solution. Wet hydrogen was fed to the anode; and dry nitrogen to the cathode with flow 

rate of 30 mL min−1 at ambient pressure. The produced ammonia was absorbed by H2SO4 (10 

mL, pH 3.85) and analyzed with Nessler’s reagent and the indophenol method as well.  

At ambient temperature, the larger cell voltage led to the higher ammonia productivity, 

and the best performance was from SmFe0.7Cu0.1Ni0.2O3 as cathode material, shown in Figure 9a. 

As shown in Figure 9b, the highest ammonia productivity was achieved at 80 °C under −2 V of 
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cell voltage by using SmFe0.7Cu0.1Ni0.2O3 (curve 1) as cathode material. The highest ammonia 

productivity was 11.3 nmol cm−2 s−1 with 90.4% of faradaic efficiency at −5.97 mA cm−2 of 

current density. Note that the negative sign of current density represents the cathodic current, 

hereinafter throughout the whole dissertation.  

 

 

Figure 9. Dependence of the ammonia production (a) on the imposed potential (b) on 

temperature for 1. SmFe0.7Cu0.1Ni0.2O3; 2. SmFe0.7Cu0.2Ni0.1O3; 3. SmFe0.7Ni0.3O3; 4. 

SmFe0.7Cu0.3O3 [28] 

 

GaoChao et al. [29] reported the highest faradaic efficiency in this category using 

polymer electrolyte. Sm1.5Sr0.5MO4 (M = Ni, Co, Fe) (SSM) was used cathode catalyst, and 

nickel-samaria-doped ceria NiO-Ce0.8Sm0.2O2−δ (NiO-SDC) was as anode catalyst.  

The best performance was from Sm1.5Sr0.5NiO4 as cathode material, shown in Figure 10a. 

As shown in Figure 10b, the highest ammonia productivity was achieved at 80 °C and −2.5 V by 

using Sm1.5Sr0.5NiO4 (curve a) cathode material: 10.5 nmol cm−2 s−1 with 92.09% of faradaic 

efficiency and −3.3 mA cm−2 of current density (Figure 10b).  
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Figure 10. Dependence of the ammonia production rate on (a) the imposed potential (b) the 

temperature [29] 

 

Yang et al. [35] recently used Nafion polymer electrolyte in membrane-electrode-

assembly (MEA) for the electrochemical cell. Platinum supported by Ketjen carbon black was 

coated on carbon paper as the anode, and the platinum loading on the cathode was 0.4 mgPt cm−2. 

Vanadium nitride (VN)-coated on carbon paper was used as cathode with VN loading of 0.5 mg 

cm−2. 

The anode was fed with hydrogen gas so the anode can serve as reference electrode 

(RHE), and the cathode was fed with nitrogen at a flow rate of 100 mL min−1. The cell was 

operating at 80 °C under ambient pressure. The produced ammonia was collected and analyzed 

using both Nessler method and mass spectrometry. They found there is an optimal cathode 

potential for ammonia production: around −0.2 V vs. RHE. As shown in Figure 11, the highest 

ammonia productivity was 0.5 nmol s−1 cm−2 with 6.5% of faradaic efficiency under −0.2 V vs. 

RHE of cathode potential. 
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Figure 11. Ammonia productivity and faradaic efficiency of VN catalysts under different cathode 

potentials [35] 

 

2.1.1.3 Acidic-Aqueous Electrolyte 

 

TABLE 12 

PORTON-CONDUCTING ACIDIC-AQUEOUS ELECTROLYTES 

ELECTROLYTE + CATHODE 

CATALYST 

rNH3
a 

(mol s−1 cm−2) 

Λb 

(%) 

Tc 

(°C) 

Pd 

(barg) 
Refe 

0.05 M H2SO4 + Ru SAs/N-C 1.33E-08 29.6 25 0 [47] 

0.05 M H2SO4 + NPC-750 2.30E-10 1.42 25 0 [50] 

0.1 M HCl + Au 2.10E-10 6.05 25 0 [46] 

0.05 M H2SO4 + BG-1 1.50E-10 10.8 25 0 [48] 

0.5 M H2SO4 + Ru 1.20E-10 1.74 30 0 [40] 

0.1 M HCl + Au/TiO2 1.10E-10 8.11 25 0 [41] 

0.1 M HCl + Ag 4.62E-11 4.8 25 0 [44] 
0.1 M HCl + a-Au/CeOx–RGO 3.49E-11 10.1 25 0 [43] 
0.01 M H2SO4 + Mo-D-R-5h 3.09E-11 0.24 25 0 [42] 
0.01 M HCl + Ru NPs 1.87E-11 5.4 20 0 [45] 
0.1 M HCl + VN 2.50E-13 3.58 25 0 [49] 
[a] rNH3: Ammonia productivity 

[b] Λ: Faradaic efficiency 

[c] T: Temperature 

[d] P: Pressure 

[e] Ref: References 
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 Wessling et al. [40] first reported using the acidic-aqueous electrolyte as proton-

conducting electrolyte for ammonia electrosynthesis. In their work, 0.5 M H2SO4 was used as the 

acidic-aqueous electrolyte. A ruthenium- or rhodium-coated titanium felt and a platinized 

titanium were used as the cathode and the anode, respectively. An Ag/AgCl electrode was 

employed as a reference electrode. A three-electrode configuration in a closed single-

compartment was used for the electrolytic cell supplied with a N2–H2 mixture (5vol.% H2). The 

produced ammonia was detected via the Berthelot reaction.  

 Figure 12 shows the comparison of the linear sweep voltammogram between Rh and Ru 

as the cathode catalyst at 30 °C of cell temperature under atmospheric pressure. They observed 

that the ammonia formation peaked at the current density of –2 mA cm−2. At that current density, 

Ru delivered higher activity towards ammonia production than Rh. The highest ammonia 

productivity was 0.12 nmol s−1 cm−2 with 1.74% of faradic efficiency. 

  

 

Figure 12. Linear sweep voltammograms of Rh or Ru-coated titanium felt as the cathode. a) full 

range, and b) enlarged region [40] 
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Geng et al. [47] reported the highest ammonia productivity as well as the highest faradic 

efficiency in this category. The H-cell filled with 0.05 M H2SO4 solution as electrolyte, and a 

Nafion 115 membrane was used as separator between the two compartments. In the anode 

compartment, a graphite rod was used as the anode. In the cathode compartment, single-atom Ru 

dispersed on nitrogen-doped carbon (Ru SAs/N-C) was prepared and used as the cathode catalyst 

(on a glassy carbon electrode as substrate) with the catalyst loading of 0.255 mg cm−2. Ag/AgCl 

in saturated KCl electrolyte was used as reference electrode. The produced ammonia was 

collected with a H2SO4 solution and analyzed by indophenol method. 

Ru SAs/N-C was prepared via pyrolyzing the Ru-containing derivative of zeolitic 

imidazolate frameworks (ZIF-8). In comparison to the Ru SAs/N-C catalyst, Ru nanoparticles on 

the nitrogen-doped carbon (Ru NPs/N-C) was prepared and tested. Figure 13 shows that the 

performance of Ru SAs/N-C is twice as active as Ru NPs/N-C. The Ru SAs/N-C catalyst 

delivered the highest ammonia productivity of 120.9 µgNH3 mgcat
−1 h−1 with 29.6% of faradaic 

efficiency at −0.13 mA cm−2 of current density under −0.2 V vs. RHE of cathode potential. When 

the pyrolyzed ZIF-8 was used as cathode catalyst, very poor performance occurred with a very 

low faradaic efficiency 0.4% under the same cathode potential of −0.2 V vs. RHE, which 

suggests that the Ru is the most active site in Ru SAs/N-C catalyst. The effect of different 

electrolytes was also investigated on the performance using Ru SAs/N-C catalyst. The faradaic 

efficiency of Ru SAs/N-C in Na2SO4, KOH, and H2SO4 were very close to each other: 29.1%, 

29.4%, and 29.6 %, respectively under the same cathode potential of −0.2 V vs. RHE. 
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Figure 13. (a) Faradaic efficiency and (b) Ammonia productivity under different cathode 

potentials on Ru SAs/N-C and Ru NPs/N-C [47] 

 

Liu et al. [50] recently used 0.05 M H2SO4 as an acidic-aqueous electrolyte for ammonia 

electrosynthesis in a two-compartment cell with Nafion117 as separator. A platinum foil was 

used as anode, and an Ag/AgCl electrode was used as reference electrode. Nitrogen was supplied 

to the cathode chamber, and the produced ammonia was collected by a H2SO4 solution as trap 

and analyzed using Nessler’s reagent method. 

The N-doped porous carbon (NPC)  with ZIF-8 pyrolyzed at different carbonization 

temperatures was used as cathode catalyst, and the effect of carbonization temperature on 

ammonia productivity was shown in Figure 14a. Compared with 850 °C and 950 °C, NPC with 

ZIF-8 pyrolyzed at 750 °C of carbonization temperature (denoted as NPC-750) showed higher 

performance under two cathode potentials (−0.7 V and −0.9 V vs. RHE). The NPC-750 exhibited 

the highest faradaic efficiency of 1.42% under −0.9 V vs. RHE of cathode potential. Meanwhile, 

the ammonia productivity was 1.4 mmol g−1 h−1 at −5 mA cm−2 of current density under ambient 

conditions (Figure 14b). 
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Figure 14. (a) Ammonia productivity for three NPC catalysts under −0.7 V and −0.9 V (b) 

current efficiency of NPC-750 [50] 

 

2.1.1.4 Ceramic Electrolyte 

 

TABLE 13 

PROTON-CODUCTING CERAMIC ELECTROLYTE 

ELECTROLYTE + CATHODE CATALYST 
rNH3

a 

(mol s−1 cm−2) 

Λb 

(%) 

Tc 

(°C) 

Pd 

(barg) 
Refe 

Ce0.8 Sm 0.2O2−δ + Ag-Pd 8.20E-09 N/A 650 0 [55] 

Ce0.8Y0.2O2−δ–Ca3(PO4)2-K3PO4 + Ag-Pd 6.95E-09 N/A 650 0 [56] 

BaCe0.80Gd0.10Sm0.10O3−δ + Ag-Pd 5.82E-09 N/A 620 0 [58] 

BaCe0.85Y0.15O3−δ + Ba0.5Sr0.5Co0.8Fe0.2O3−δ 4.10E-09 40 530 0 [62] 

BCZYZ + Pd/Fe2O3 4.00E-09 2.5 450 0 [73] 

BaCe0.8Gd0.2O3−δ + Ag-Pd 3.09E-09 N/A 480 0 [54] 

BaCe0.9Ca0.1O3-α + Ag-Pd 2.69E-09 51.9 480 0 [63] 

BaCe0.70Zr0.20Sm0.10O3－α + Ag-Pd 2.67E-09 50 500 0 [66] 

Ba0.98Ce0.8Y0.2O3−α-0.04 ZnO + Ag-Pd 2.60E-09 0.25 500 0 [67] 

La0.9Sr0.1Ga0.8Mg0.2O3−α + Ag-Pd 2.37E-09 32.62 550 0 [57] 

Ba3Ca0.9Nd0.28Nb1.82O9−δ + Ag-Pd 2.16E-09 N/A 620 0 [53] 

BaCe0.85Y0.15O3−α + Ag-Pd 2.10E-09 60 500 0 [61] 

La1.95Ca0.05Zr2O7−δ + Ag-Pd 2.00E-09 N/A 520 0 [52] 

La1.9Ca0.1Zr2O6.95 + Ag-Pd 1.76E-09 84.09 520 0 [51] 

Pd-Ag/CsH2PO4/SiP2O7 + Ru/Cs+/MgO 9.00E-10 2.6 250 0 [80] 

CsH2PO4/SiP2O7 + Ru/Cs+/MgO 7.70E-10 3.5 250 0 [74] 

BaCe0.9Y0.1O3 + K,Al-modified Fe-BCY 6.70E-10 0.5 610 0 [77] 

BaCe0.9Y0.1O3−δ-NiO + NiBCY 3.40E-10 0.63 500 0 [79] 

LiAlO2-(Li,Na,K)2CO3 + Co3Mo3N-Ag 3.30E-10 2.95 450 0 [69] 
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TABLE 13 (continued) 

CsH5(PO4)2/QF + Pt/C 2.80E-10 0.09 220 0 [78] 

CsH2PO4/SiP2O7 + Pt/C 2.40E-10 0.12 220 0 [75] 

CsH5(PO4)2/SiO2 + Pt/C 2.00E-10 2.1 220 0 [72] 

BaZr0.8Y0.2O3−δ + La0.6Sr0.4Co0.2Fe0.8O3−δ 8.50E-11 0.33 550 0 [70] 

BaCe0.9Y0.1O3-δ + La0.5Sr0.5Ti0.6Ru0.4O3 3.00E-11 0.9 500 0 [71] 

Ce0.8Sm0.2O2-δ-(Li/Na/K)2CO3 + 

La0.6Sr0.4Fe0.8Cu0.2O3-δ-Ce0.8Sm0.2O2-δ 
5.39E-12 0.003 450 0 [64] 

BaCe1−xGdxO3−α + Ag-Pd 4.63E-12 0.089 480 0 [60] 

BaCe0.9Y0.1O3 + La0.3Sr0.6Ti0.6Ru0.4O3- 

BaCe0.9Y0.1O3 
3.80E-12 0.01 500 0 [76] 

La0.9Ba0.1Ga0.8Mg0.2O3–α + Pt 1.89E-12 0.06 520 0 [59] 

(Li/Na/K)2CO3-LiAlO2 + CoFe2O4-Ag 2.00E-13 0.002 400 0 [65] 

(Li/Na/K)2CO3 + Fe3Mo3N-Ag 1.90E-13 1.84 425 0 [68] 
[a] rNH3: Ammonia productivity 

[b] Λ: Faradaic efficiency 

[c] T: Temperature 

[d] P: Pressure 

[e] Ref: References 

 

To the best of our knowledge, Xie et al. [51] first reported using ceramic materials as 

proton-conducting electrolyte for ammonia electrosynthesis, and they also reported the highest 

faradaic efficiency in this category. In their work, the proton-conducting ceramic material was a 

pyrochlore-type complex oxide of La1.9Ca0.1Zr2O6.95 Silver and palladium pastes were applied on 

both sides of the ceramic material to serve as cathode and anode, respectively. The cathode and 

anode of the cell was fed with nitrogen at 18 L/min of flow rate and hydrogen at 3 L/min of flow 

rate, respectively, under atmospheric pressure. The produced ammonia was collected by a 

sulfuric acid solution and analyzed by Nessler’s reagent method. 

A constant cell voltage of −0.6 V was applied on the cell to investigate the effect of the 

temperature on the cell performance. As shown in Table 14, the highest ammonia production rate 

was obtained at 520 °C, but overall the temperature has little impact on cell performance. The 

highest rate of ammonia formation was 1.756 nmol s−1 cm−2
 with 84.09% of faradaic efficiency 

and −0.6 mA cm−2 of current density. 
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TABLE 14 

THE RATE OF AMMONIA FORMATION AT DIFFERENT OPERATING 

TEMPERATURES [51] 

OPERATING TEMPERATURE 

(°C) 

RATE OF AMMONIA FORMATION 

(nmol s−1 cm−2) 

460 1.732 

480 1.741 

500 1.749 

520 1.756 

540 1.750 

560 1.741 

 

 

Wang et al. [55] reported the highest production rate of ammonia in this category. 

Catalysts & electrodes, feed gasses & flow rates, and ammonia collection & detection were the 

same as Xie et al. [51]. A new type of ceramics was used with the formula Ce0.8M0.2O2−δ (M = 

La, Y, Gd, or Sm) at different cell temperatures. At the same temperature of 650 °C, Sm 

provided the Ce0.8M0.2O2−δ ceramic materials the highest ionic conductivity (3.8 x 10−2 S cm−1) 

as well as the lowest activation energy (72.6 kJ/mol), among the four metals examined (La, Y, 

Gd, and Sm) listed in Table 15. The highest conductivity and the lowest activation energy were 

reasoned for Sm in its highest chemical homogeneity and highest sinter density. For all four 

Ce0.8M0.2O2−δ ceramic materials, the higher cell voltage led to the higher ammonia productivity. 

Under all voltages, the cell performance of Ce0.8M0.2O2−δ ceramic materials consistently followed 

the ionic conductivity: the higher ionic conductivity led to the higher ammonia productivity 

(Figure 15). Under −1 V of cell voltage at 650 °C of temperature, Ce0.8Sm0.2O2−δ delivered the 

highest ammonia productivity: 8.2 nmol s−1 cm−2.  
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TABLE 15 

COMPARISON OF IONIC CONDUCTIVITY AMONG FOUR CERAMIC MATERIALS AT 

650 °C [55] 

SAMPLE 
IONIC CONDUCTIVITY 

(S/cm) 

ACTIVATION ENERGY 

(kJ/mol) 

Ce0.8La0.2O2−δ 1.9 x 10−2 81.6 

Ce0.8Y0.2O2−δ 2.3 x 10−2 75.4 

Ce0.8Gd0.2O2−δ 2.6 x 10−2 79.1 

Ce0.8Sm0.2O2−δ 3.8 x 10−2 72.6 

 

 

Figure 15. Dependence of the ammonia production rate on the applied cell voltage [55] 

 

Imamuraa et al. [80] recently reported ammonia electrosynthesis based on phosphate-

based (CsH2PO4/SiP2O7) ceramic as proton-conducting electrolyte. Ru/Cs+/MgO catalyst was 

coated on a stainless-steel mesh (SUS304) with the loading of 191 mg cm−2 to serve as the 

cathode. Platinum paste was coated on a Toray carbon paper with the loading of 3 mg cm−2 to 

serve as the anode. 

The cathode was fed with nitrogen, and the produced ammonia from cathode was 

collected in a H2SO4 solution as trap. The electrical conductivity of the solution was used for 
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ammonia quantification. As shown in Table 16, under the following conditions of −10 mA cm−2 

of current density, 3 mL min−1 of nitrogen flow rate, and 250 °C of cell temperature, the highest 

ammonia productivity  was obtained: 0.90 nmol s−1 cm−2 with 2.6% of faradaic efficiency. At 

that current density (−10 mA cm−2), the cell voltage was −1.3 V. 

 

TABLE 16 

AMMONIA PRODUCTIVITY AND CURRENT EFFICENCY UNDER VARIOUS 

CELL CONDITIONS [80] 

CURRENT DENSITY 

(mA cm−2) 

FLOW RATE 

(cm3 min−1) 

Ta 

(°C) 

AMMONIA PRODUCTIVITY 

(nmol s−1 cm−2) 

Λb 

(%) 

10 3.0 

200 0.14 0.39 

210 0.22 0.62 

220 0.37 1.1 

230 0.52 1.5 

240 0.78 2.3 

250 0.90 2.6 

3.2 

0.5 

250 

0.17 1.5 

1.0 0.28 2.5 

2.0 0.27 2.5 

5.0 0.18 1.6 

7.0 0.15 1.4 

[a] T: Temperature 

[b] Λ: Faradaic efficiency 

 

2.1.1.5 Neutral-Aqueous Electrolyte 

 

TABLE 17 

PROTON-CONDUCTING NEUTRAL-AQUEOUS ELECTROLYTE 

Electrolyte + Cathode catalyst 
rNH3

a 

(mol s−1 cm−2) 

Λb 

(%) 

Tc 

(°C) 

Pd 

(barg) 
Refe 

0.1 M Li2SO4 + Pt/C 9.40E-10 0.83 80 0 [32] 

0.1 M Li2SO4 + Pt 3.68E-10 10.65 27 59 [39] 

0.25 M LiClO4 + CNS 1.90E-10 11.56 25 0 [83] 

0.1 M Na2SO4 + Fe2O3 1.60E-10 0.94 25 0 [87] 

0.5 M LiClO4 + AuHNCs-715 9.28E-11 17.9 20 0 [85] 

0.5 M LiClO4 + AuHNCs 6.49E-11 15 20 0 [84] 

0.5 M Li2SO4 + PEBCD/C 5.91E-11 1.71 25 0 [82] 
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TABLE 17 (continued) 

0.1 M Na2SO4 + Mn3O4 3.11E-11 3 25 0 [86] 

1.0 M LiCl + Pt/C 2.85E-11 0.23 25 0 [23] 

0.1 M Na2SO4 + TiO2-γGO 2.28E-11 3.3 25 0 [89] 

0.1 M PBS + Pd/C 1.42E-11 8.2 25 0 [90] 

0.1 M PBS + Fe NPs 1.31E-11 1.9 25 0 [88] 

0.1 M KCl + Hg 162 ppm N/A 60 0 [81] 

[a] rNH3: Ammonia productivity 

[b] Λ: Faradaic efficiency 

[c] T: Temperature 

[d] P: Pressure 

[e] Ref: References 

 

To the best of our knowledge, Posipisil et al. [81] first reported the use of neutral-

aqueous solution as proton-conducting electrolyte for ammonia electrosynthesis. In their study, a 

0.1 M KCl solution containing 0.31 mM complex of fullerene-γ-cyclodextrin (C60γCD) was used 

as the neutral-aqueous solution. The electrolyte was filled in a glass cell with sintered glass as 

separator between two electrode chambers. A mercury pool and a platinum net were used as the 

cathode and the anode for the electrochemical cell, respectively. An Ag/AgCl electrode in 0.1 M 

KCl electrolyte was used as the reference electrode. Nitrogen gas was fed to the cathode, and the 

produced ammonia was collected by a sulfuric acid solution and analyzed by photoacoustic 

spectrometer. 

The reduced form of C60γCD complex was the key to the nitrogen reduction. The cell was 

operated at 60 °C under atmospheric pressure. Under −1.2 V vs. RHE of cathode potential, the 

cell current started at 2 mA, and decreased to 40 µA. Figure 16A shows that the amount of 

produced ammonia was about 162 ppm. The calibration curve for ammonia detection was shown 

in Figure 16B. 
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Figure 16. (A) Photoacoustic detection of ammonia in the gas emerging from (a) the 

electrochemical cell under −1.2 V (b) 1,000 ppm of pure ammonia. (B) The calibration curve 

(hollow circles) and estimated yield of ammonia from electrolysis experiments using 3 µmols of 

the fullerene-γ-CD complex [81] 

 

El-Sayed et al. [85] reported the highest faradaic efficiency using neutral solution as 

proton-conducting electrolyte. A 0.5 M LiClO4 aqueous solution was used as the neutral solution 

with a cation-exchange membrane (CEM, FKB-PK-130) as separator in an H-type cell. A 

platinum coil was used as the anode, and an Ag/AgCl electrode in saturated KCl electrolyte was 

used as the reference electrode. A polished glassy-carbon disk electrode coated with gold and 

silver-based catalyst was used as cathode. Nitrogen was fed to cathode at 20 mL min−1 of flow 

rate, and the produced ammonia was analyzed with colorimetric method using Nessler’s reagent. 

A gold-based catalyst with three different sizes (AuHNC: 635 nm, 715, and 795 nm) was 

examined under −0.4 V vs. RHE of cathode potential. AuHNCs-715 showed the highest faradaic 

efficiency of 35.9% with 3.74 µg h−1 cm−2 of ammonia productivity. The obtained current density 

under that cathode potential (−0.4 V vs. RHE) was −0.05 mA cm−2. The AuHNCs-715 catalyst 

consists of 3.91 µg mL−1 of gold and 3.45 µg mL−1 of silver, leading to 26.6 m2 g−1 as the highest 

electrochemical surface area (ECSA) of gold among the AuHNC catalysts with three different 
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sizes. The highest ECSA of gold in the AuHNC-715 was claimed to be responsible for the 

highest performance for ammonia formation. Figure 17B shows the effect of the cathode 

potential on both ammonia productivity and faradaic efficiency: the ammonia productivity 

peaked under −0.5 V vs. RHE to be 4.22 µg s−1 cm−2; while the faradaic efficiency peaked under 

−0.4 V vs. RHE to be 37%. At the highest ammonia productivity, faradaic efficiency was 17.9% 

faradic efficiency and the current density was −0.15 mA cm−2. 

 

 

Figure 17. Ammonia production rate and faradaic efficiency for (A) different AuHNCs sizes 

under −0.4 V vs. RHE (B) AuHNCs-715 under various cathode potentials [85] 

 

Wang et al. [90] recently reported the ammonia electrosynthesis using neutral solution as 

proton-conducting electrolyte. A buffer solution of phosphate-buffered saline (PBS, typically 0.1 

M) was used as the neutral solution in an H-type cell with Nafion 115 membrane as separator. A 

platinum gauze was used as the anode, and an Ag/AgCl electrode in saturated KCl solution was 

used as the reference electrodes. Carbon-supported palladium coated on carbon paper was used 

as the cathode where the Pd loading was 1 mg cm−2. 

Nitrogen was fed to the cathode, and the produced ammonia was collected and analyzed 

by the Indophenol blue method. Shown in Figure 18, under 0.1 V vs. RHE of cathode potential, 
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the ammonia productivity was 4.5 µg mgPd h−1 with 8.2% of faradaic efficiency. Under that 

cathode potential, the current density was −0.05 mA cm−2. 

 

 

Figure 18. Production rate and faradaic efficiency under different cathode potentials [90] 

2.1.2 Hydroxide-Conducting Electrolyte 

2.1.2.1 Nonaqueous-Solvent Electrolyte 

TABLE 18 

HYDROXIDE-CONDUCTING NONAQUEOUS-SOLVENT ELECTROLYTE 

ELECTROLYTE + CATHODE CATALYST 
rNH3

a 

(mol s−1 cm−2) 

Λb 

(%) 

Tc 

(°C) 

Pd 

(barg) 
Refe 

Methanol + Hg 7.40E-10 43 20 29 [91] 
[a] rNH3: Ammonia productivity 

[b] Λ: Faradaic efficiency 

[c] T: Temperature 

[d] P: Pressure 

[e] Ref: References 

 

Gorodyskii et al. [91] reported the only case of the nonaqueous-solvent as hydroxide-

conducting electrolyte for ammonia electrosynthesis. A methanol solution containing 3.0 M 

sodium methylate, 8vol.% water, 0.1 M TiCl4 and 0.01 M MoCl4 was used as the nonaqueous 
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solution. An H-type cell was used as the cell container with a ceramic diaphragm as separator 

between two electrode chambers. Mercury pool with an amalgamated copper rod was used as the 

cathode, and a saturated calomel electrode was used as the reference electrode. The cell was 

placed into an autoclave under 30 atm of nitrogen pressure at ambient temperature. The produced 

ammonia was collected and analyzed using Kjeldahl titration method. 

At the cathode, both Ti (IV) and Mo (IV) are reduced to Ti (III) and Mo (III), 

respectively, together which form a complex of Ti (OH)3-Mo (III) that helps reduce the nitrogen 

to form ammonia. As shown in Figure 19a, the highest faradaic efficiency was 43% at −0.5 mA 

cm−2 of current density. The peak ammonia productivity was obtained at the same current 

density of −0.5 mA cm−2: 1.55 mmol L−1 h−1 based on 1.8 mM of ammonia concentration (Figure 

19b). The cathode potential was −1.86 V vs. SCE at that current density. 

 

 

Figure 19. Current density versus (a) current yield (b) ammonia concentration under different 

cathode potentials [91] 
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2.1.2.2 Alkaline-Aqueous Electrolyte 

 

TABLE 19 

HYDROXIDE-CONDUCTING ALKALINE-AQUEOUS ELECTROLYTE 

ELECTROLYTE + CATHODE CATALYST 
rNH3

a 

(mol s−1 cm−2) 

Λb 

(%) 

Tc 

(°C) 

Pd 

(barg) 
Refe 

70%wt. Na0.5K0.5OH + Fe2O3 1.63E-08 2.36 105 0 [104] 

30%wt. CsOH + Fe2O3 1.34E-08 1.94 105 0 [104] 

30%wt. CsOH + Fe2O3 7.7E-09 8.91 200 0 [103] 

1.0 M KOH + ZnSe 6.40E-09 1.29 25 0 [94] 

2.0 M KOH + MOF(Fe) 2.12E-09 1.43 90 0 [33] 

0.1 M KOH + C-ZIF-1100 9.4E-10 10.2 25 0 [99] 

1.0 M KOH + FePc 5.50E-10 0.33 25 0 [93] 

0.1 M KOH + Rh NNs 9.71E-11 0.5 65 0 [101] 

0.1 M KOH + TTH Au NRs 6.95E-11 4.02 25 0 [95] 

2.0 M KOH + Ru 5.06E-11 0.24 90 0 [27] 

0.1 M KOH + α-Fe2O3-Ar/CNT 2.86E-11 8.28 25 0 [34] 

0.5 M KOH + 30% Fe2O3-CNT 1.89E-11 0.3 20 0 [98] 

0.1 M KOH + Au 3.84E-12 0.12 25 0 [102] 

KHCO3 + Fe2O3 3.35E-12 0.025 20 0 [97] 

1.0 M KOH + RuPt/C 6.40E-13 1.15 50 0 [100] 

6.0 M KOH + Fe 5.56E-14 1 45 0 [92] 

0.5 M KOH + FTO 4.60E-16 0.044 65 0 [96] 

0.1 M KOH + FTO 1.00E-16 1.9 25 0 [96] 

[a] rNH3: Ammonia productivity 

[b] Λ: Faradaic efficiency 

[c] T: Temperature 

[d] P: Pressure 

[e] Ref: References 

 

Sclafani et al. [92] first reported the use of alkaline-aqueous solution as hydroxide-

conducting electrolyte for ammonia electrosynthesis. A 6 M KOH aqueous solution was used as 

the electrolyte with porous polyethylene membrane as the separator. Iron and a sheet of AISI 316 

stainless-steel were served as the cathode and anode, respectively. A saturated calomel electrode 

(SCE) was used as the reference electrode in the electrochemical cell. Nitrogen was supplied to 

the cathode at varying flow rates (1.1, 2.3, 3.7, and 8.3 cm3 s−1). The produced ammonia was 

collected in an HCl solution and analyzed by a colorimetric method. 



 

38 

 

The cell was operated at atmospheric pressure at three different temperatures: 25, 35, and 

45 °C. The authors found that changing the flow rate didn’t affect the ammonia productivity but 

affected the current efficiency. This result suggested that the ammonia formation is independent 

from the solid-gas interface, but dependent on the solid-liquid interface. As shown in Figure 20, 

the ammonia production rate peaked under the cathode potential of 1,100 mV vs. SCE at 45 °C 

of cell temperature, and the highest ammonia production rate was 0.5 µmol h−1 with 1% of 

faradaic efficiency.  

 

 

Figure 19. Ammonia production and cathodic potential at different temperatures: (▲) at 25°C, 

(●) at 35 °C, and (■) at 45 °C [92] 

 

Mukherjee et al. [99] reported the highest faradaic efficiency in this category. A 0.1 M 

KOH solution was used as the hydroxide-conducting electrolyte and an H-type cell was used as 

the cell container. A graphite rod and an Hg/HgO electrode were used as the anode and the 



 

39 

 

reference electrode, respectively. Nitrogen was fed to the cathode at 20 mL min−1 of flow rate, 

and the produced ammonia was collected and analyzed by Indophenol method. The cell was 

operated under ambient conditions. Derived from zinc-based zeolitic imidazolate frameworks 

(ZIF-8), a nitrogen-doped nano-porous carbon materials (denoted as C-ZIF-T, where T is 

carbonization temperature) was investigated to serve as the cathode catalyst. 

The working electrode was made of a rotating glassy-carbon-disk electrode coated with 

C-ZIF-T catalyst with the loading of 0.8 mg cm–2. Figure 21 shows the effect of the 

carbonization temperature making C-ZIF-T catalyst on the ammonia productivity under the same 

test conditions. At the carbonization temperature of 1,100 °C, the C-ZIF-1100 catalyst delivered 

the best performance. In fact, the C-ZIF-1100 processes the highest ECSA of 780 m2 g−1 as well 

as the greatest pore volume among all C-ZIF-T catalysts at different carbonization temperatures. 

As shown in Figure 21b, the highest faradaic efficiency of 10.2% was achieved under −0.3 V vs. 

RHE using C-ZIF-1100 catalyst. Meanwhile, the peak ammonia productivity was 3.4 µmol h−1 

cm−2, and the current density was −0.17 mA cm−2 under that cathode potential. At an elevated 

cell temperature of 60 °C the highest ammonia production rate of 7.3 µmol h−1 cm−2 was 

obtained. 
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Figure 21. Production rate and faradaic efficency for (a) different C-ZIF catalysts synthesized at 

different carbonization temperatures (b) C-ZIF-1100-1h catalyst under different cathode 

potentials [99] 

 

Yao et al. [102] recently reported ammonia electrosynthesis in this category. A 0.1 M 

KOH solution was used as the hydroxide-conducting electrolyte. A carbon rod and an Hg/HgO 

electrode were used as the anode and the reference electrode, respectively. A thin film of Au 

catalyst loaded on Si prism was used as the cathode. The cell was operated under ambient 

conditions. Nitrogen was fed to the cathode, and the produced ammonia was analyzed using 

Indophenol method and an ammonia meter. 

The highest ammonia productivity of 3.84 pmol cm−2 s−1 was obtained under −0.5 V vs. 

RHE of cathode potential. At the same time, the faradaic efficiency was 0.12%, and the current 

density was −1.1 mA cm−2 under that cathode potential.  
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2.1.2.3 Molten-Hydroxide Electrolyte 

 

TABLE 20 

HYDROXIDE-CONDUCTING MOLTEN-HYDROXIDE ELECTROLYTE 

Electrolyte + Cathode catalyst 
rNH3

a 

(mol s−1 cm−2) 

Λb 

(%) 

Tc 

(°C) 

Pd 

(barg) 
Refe 

Na0.5K0.5OH + Fe2O3 1.00E-08 1.45 200 0 [103] 

90%wt. Na0.5K0.5OH + Fe2O3 8.40E-09 1.22 200 0 [104] 

90%wt. CsOH + Fe2O3 8.10E-09 9.40 200 0 [104] 

Na0.5K0.5OH + Fe3O4 4.41E-09 14.2 200 0 [105] 

Na0.5K0.5OH + Fe3O4 6.5E-13 9.3 210 0 [106] 

Na0.5K0.5OH + Fe2O3/AC 8.27E-12 4.91 250 0 [107] 

[a] rNH3: Ammonia productivity 

[b] Λ: Faradaic efficiency 

[c] T: Temperature 

[d] P: Pressure 

[e] Ref: References 

 

Licht et al. [103] first reported the use of molten hydroxide as proton-conducting 

electrolyte for ammonia electrosynthesis, and they reported the highest ammonia productivity in 

this category. A mixture of NaOH and KOH with the equal molar ratio (denoted as Na0.5K0.5OH) 

at 200 °C of temperature was used as the molten hydroxide. A Monel (an alloy of Ni and Cu) 

mesh was used as the cathode, and nickel shim (pure Ni) was used as the anode. Fe2O3 

nanoparticles were added in the electrolyte to serve as “suspension” catalyst, instead of loading 

them onto electrode. The produced ammonia was collected and analyzed in a water trap. Wet 

nitrogen or air was used as cathode gas.  

The mechanism of the ammonia synthesis was proposed to be a chemical reaction 

between nitrogen gas and metallic iron in the presence of water as the key for ammonia 

formation (N2 + 2Fe + 3H2O = NH3 + F2O3). At the cathode, Fe2O3 is electrochemically reduced 

to metallic iron that turns the nitrogen gas to ammonia. At the anode, water was 
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electrochemically oxidized to oxygen. Different sizes of Fe2O3 catalysts were examined and the 

nano Fe2O3 with 20-40 nm of particle size provided the best performance. Fe2O3 was preferred to 

be suspended in the molten electrolyte, because the suspension of catalyst in large amount of 

electrolyte (100 mL) can offer more surface accessibility than the coating of catalyst on small 

electrode area (10 cm2). 

 

 

Figure 22. Electrolysis efficiency versus time at 200 °C using 10 cm2 Monel electrodes [103] 

 

At 200 °C of cell temperature under atmospheric pressure, the highest faradaic efficiency 

of 35% and the highest ammonia productivity of 2.42 nmol s−1 cm−2 were achieved at –2 mA cm 

of applied current density (Figure 22). The cell voltage was −1.23 V at that current density. 

Increasing the pressure reduced the magnitude of the cell voltage from −1.23 V to −1.0 V for 

same ammonia productivity. As expected, raising the current density of the electrochemical cell 
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reduced the faradaic efficiency for ammonia formation. When Na0.5K0.5OH was replaced with 

CsOH, the ammonia productivity slightly increased from 6.7 to 7.7 nmol s−1 cm−2 at− 25 mA 

cm−2 of applied current density. The same team reported even higher faradaic efficiency of 71% 

when using a lowered current density of −0.7 mA cm−2 after a cathode activation (250 mA 

current burst for 30 min), Figure 23 [104]. 

 

 

Figure 23. Faradaic efficiency of NH3 formed by electrolysis of N2 and water in suspensions of 

nano-Fe2O3 in molten Na0.5K0.5OH electrolytes [104] 

 

Cui et al. [107] recently reported the work using the same Na0.5K0.5OH molten electrolyte 

in this category. A mesh of stainless steel 304 was used as the cathode, and a nickel shim was 

used as the cathode. Fe2O3 supported on active carbon nanoparticles was used as the catalyst. 
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Wet nitrogen was fed to the cathode at 250 mL min−1 of flow rate, and the produced ammonia 

was collected and analyzed with the Salicylic method. 

The cell was operated at 250 °C under atmospheric pressure. As shown in Figure 24, the 

ammonia productivity and faradaic efficiency show opposite trend along with the applied cell 

voltage. The higher voltage led to increased ammonia productivity and decreased faradaic 

efficiency. Under −1.55 V of cell voltage, the highest ammonia productivity of 8.27 pmol s−1 

cm−2 was obtained. The faradaic efficiency was 4.91% and the current density was −11 mA cm−2 

under that cell voltage. Under −1.15 V of cell voltage, the highest faradaic efficiency was 13.7% 

with ammonia production rate 6 pmol s−1 cm−2. 

 

 

Figure 24. Production rate and coulombic efficiency versus different applied voltages [107] 
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2.1.2.4 Polymer Electrolyte 

 

TABLE 21 

HYDROXIDE-CONDUCTING POLYMER ELECTROLYTE 

ELECTROLYTE + CATHODE CATALYST 
rNH3

a 

(mol s−1 cm−2) 

Λb 

(%) 

Tc 

(°C) 

Pd 

(barg) 
Refe 

Polymer gel + Pt 4.05E-11 0.01 30 1.4 [110] 

FAAM-40 + Pt/C 1.96E-11 0.18 25 0 [111] 

AEM + Fe 3.80E-12 41 50 0 [108] 

FAAM-PK-75 + Ir/C 4.30E-13 0.02 80 0 [109] 

[a] rNH3: Ammonia productivity 

[b] Λ: Faradaic efficiency 

[c] T: Temperature 

[d] P: Pressure 

[e] Ref: References 

 

Renner et al. [108] first reported the use of polymer electrolyte as hydroxide-conducting 

electrolyte for ammonia electrosynthesis, and they also reported the highest faradaic efficiency in 

this category. Without adding any supporting solution, alkaline anion-exchange membrane (or 

hydroxide-exchange membrane) was used as the hydroxide-conducting electrolyte. The cell was 

operated at 50 °C under atmospheric pressure.  

A group of materials (Fe-based, Ni-based, and Pt black) were examined for cathode 

catalyst, as shown in Figure 25. Iron and nickel were the most active two catalysts. Iron catalyst 

delivered the higher activity toward ammonia formation for very short time because of its 

instability. Nickel catalyst had showed higher stability with time with lower activity.  
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Figure 25. Faradaic efficiency using different catalysts through 3 hours [108] 

 

Using Fe as cathode catalyst, the highest ammonia productivity of 3.80 pmol s−1 cm−2 

was obtained with the highest faradic efficiency of 41%. 

Sheets et al. [110] reported the highest ammonia productivity in this category. A 

polymer-based gel electrolyte was used as the hydroxide-conducting electrolyte. The gel 

electrolyte was prepared by mixing 0.58 g of polyacrylic acid (a homopolymer) with 10 mL of 6 

M KOH solution. A porous polypropylene file (Celgard 3401) was used as the separator between 

cathode and anode. Prepared by an alcohol reduction method, Pt and Ir nanoparticles supported 

by carbon (Vulcan XC72) were used as the cathode catalyst. The cell was operated under a 

pressure of 20 psig at two temperatures (30 and 60 C°).  Nitrogen and hydrogen were introduced 

into the cathode and the anode, respectively, both of which had the same flow rate of 20 mL 

min−1 under the same pressure of 20 psig. The produced ammonia was collected by an H2SO4 

solution and analyzed by the Indophenol method via UV-Vis. 

The highest ammonia productivity of 40 pmol cm−2 s−1 was obtained using platinum 

catalyst under −0.5 V vs. RHE of cathode potential at 30 °C. While, the highest faradaic 
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efficiency of 0.11% was obtained using iridium catalyst under −0.25 V vs. RHE of cathode 

potential at 60 °C. In general, increased cell temperature led to decreased ammonia formation. 

 

TABLE 22 

PARAMETERS AND RESULTS FOR THE AMMONIA SYNTHESIS TRIALS [110] 

Catalyst 
Loading 

(mg/cm2) 

Ea 

(V) 

Tb 

(°C) 

rNH3
c 

(fmol s−1 cm−2) 

Λd 

(%) 

Ie 

(µA/cm2) 

Pt 0.25 0.25 30 3.04 0.003 0.88 

Ir 0.25 0.25 30 21.42 0.011 6.20 

Pt 1 0.25 30 2.09 0.002 0.61 

Ir 1 0.25 30 7.35 0.055 2.13 

Pt 0.25 0.5 30 40.49 0.011 11.72 

Ir 0.25 0.5 30 5.51 0.008 1.60 

Pt 1 0.5 30 6.05 0.003 1.75 

Ir 1 0.5 30 7.73 0.005 2.24 

Pt 0.25 0.25 60 2.15 0.004 0.62 

Ir 0.25 0.25 60 25.94 0.078 7.51 

Pt 1 0.25 60 20.17 0.012 5.84 

Ir 1 0.25 60 27.63 0.108 8.00 

Pt 0.25 0.5 60 5.12 0.009 1.50 

Ir 0.25 0.5 60 10.32 0.019 2.99 

Pt 1 0.5 60 15.43 0.029 4.46 

Ir 1 0.5 60 8.32 0.038 2.41 

[a] E: Cell voltage 

[b] T: Temperature 

[c] rNH3: Ammonia productivity 

[d] Λ: Faradaic efficiency  

[e] I: Current density 

 

Park et al. [111] recently reported ammonia electrosynthesis using polymer electrolyte as 

hydroxide-conducting electrolyte in this category. An FAAM-40 anion-exchange membrane 

(AEM) was used as the polymer electrolyte here. Carbon-supported platinum coated onto carbon 

cloths were used as both the cathode and the anode, and the platinum loading was the same as 

0.5 mg cm−2. The cathode was fed with nitrogen at 100 mL min−1 of flow rate, and the produced 

ammonia was collected and detected using the indophenol method. The cell was operated under 

ambient conditions. As shown in Figure 26, under −1.5 V of cell voltage, the highest faradaic 
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efficiency of 1.76% was obtained. The ammonia productivity was 10 pmol s−1 cm−2 and the 

current density was −0.21 mA cm−2 under that cell voltage. Under −2 V of cell voltage, the 

highest ammonia productivity of 19.6 pmol s−1 cm−2 was obtained simultaneously with 0.18% of 

faradaic efficiency and −2.65 mA cm−2 of current density. 

 

 

Figure 26. Formation rate and faradaic efficiency versus different applied voltages [111] 

 

2.1.3 Nitride-Ion Conducting Electrolyte 

2.1.3.1 Molten-Salt Electrolyte 

 

TABLE 23 

NITRIDE-ION CONDUCTING MOLTEN-SALT ELECTROLYTE 

ELECTROLYTE + CATHODE CATALYST 
rNH3

a 

(mol s−1 cm−2) 

Λb 

(%) 

Tc 

(°C) 

Pd 

(barg) 
Refe 

LiCl-KCl-CsCl-Li3N + Al 1.04E-08 10 500 0 [114] 

LiCl-KCl-CsCl-Li3N + Ni 3.33E-09 72 400 0 [112] 

LiCl-KCl-CsCl + Fe2O3 3.00E-10 0.17 327 0 [115] 

LiCl-KCl-CsCl-Li3N + C 2.00E-10 23 300 0 [113] 

[a] rNH3: Ammonia productivity 

[b] Λ: Faradaic efficiency 

[c] T: Temperature 

[d] P: Pressure 

[e] Ref: References 
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Murakami et al. [112] first reported the use of nitride-ion electrolyte for ammonia 

electrosynthesis. At high temperature (400 °C), a LiCl-KCl-CsCl eutectic system containing 

0.5mol% of Li3N was used as the molten salt electrolyte. As shown in Figure 27, a porous nickel 

plate was used as the same materials for both the cathode and the anode. The authors claimed 

that the nitride ion in the molten electrolyte was the conducting ion between two electrodes. As 

shown in Figure 27, ammonia is produced at the anode (via 3H2 + N3− = 2NH3 + 6e−), instead of 

cathode. 

The cell was operated at 400 °C under atmospheric pressure. The cathode was fed with 

nitrogen at 45 mL min−1 of flow rate, and the anode was fed with hydrogen at 5 mL min−1 of 

flow rate. The produced ammonia was collected and analyzed by both the IR spectroscopy 

method and the titration method with HCl. The highest faradaic efficiency of 72% was obtained 

under 0.3 V vs. RHE of cathode potential. At the same time, the ammonia productivity was 3.33 

nmol s−1 cm−2 and the current density was −1.34 mA cm−2 under that cathode potential. 

 

 

Figure 27. Schematic drawing of the principle of the electrolytic synthesis of ammonia [112] 
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Murakami et al. [114] reported the highest ammonia productivity in this category. The 

same molten salt electrolyte of LiCl-KCl-CsCl-Li3N system was used. An Al plate was used as 

the cathode, and a nickel wire was used the anode. Al-Li alloy in the (α+β) coexisting phase state 

was constructed to serve as the Li+/Li reference electrode. Nitrogen was used for cathode, and 

methane was used for anode.  

At the anode, methane reacted with nitride ion to form ammonia and carbon or carbon 

monoxide as byproduct. Since methane is much cheaper source of hydrogen element than 

hydrogen gas, using methane could help lower the operational cost for ammonia electrosynthesis. 

The cell was operated at 500 °C under atmospheric pressure. The highest ammonia productivity 

of 10.4 nmol s−1 cm−2 was obtained at −30 mA cm−2 of current density. At the same time, the 

faradaic efficiency was 10% and the anode potential was around 0.4−0.5 V vs. Li+/Li, seen in 

Figure 28. 

 

 

Figure 28. Potential-time curves for (a) methane gas anode and b) nitrogen gas cathode at 30 mA 

cm−2 at 773 K [114] 

 

Kim et al. [115] recently reported the work in this category. The same system of LiCl-

KCl-CsCl was used as the molten salt electrolyte, except that Li3N was not added in the 

electrolyte. A Li-Al alloy in the (α+β) coexisting phase state was used to serve as both the anode 
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and the reference electrode. Nitrogen gas was supplied to the cathode at 200 sccm, and the 

produced ammonia was collected and detected with an ammonia meter. 

The cell was operated at 327 °C under atmospheric pressure. Porous nickel was loaded 

with different iron-based oxides (Fe2O3 and CoFe2O4) as the cathode catalyst. As shown in 

Figure 29, Fe2O3 is apparently more active than CoFe2O4. Fe2O3 delivered the highest ammonia 

productivity of 0.3 nmol s−1 cm−2 under 0.2 V vs. Li+/Li of cathode potential. At the same time, 

the faradaic efficiency was 0.17% and the current density was −22 mA cm−2 under that cathode 

potential. 

 

 

Figure 28. Ammonia production with time for different catalysts at 0.2 V vs. Li+/Li [115] 
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2.1.4 Oxide-Ion Conducting Electrolyte 

2.1.4.1 Ceramic Electrolyte 

 

TABLE 24 

OXIDE-ION CONDUCTING CERAMIC ELECTROLYTE 

ELECTROLYTE + CATHODE CATALYST 
rNH3

a 

(mol s−1 cm−2) 

Λb 

(%) 

Tc 

(°C) 

Pd 

(barg) 
Refe 

Ce0.8Gd0.18Ca0.02O2-δ–(Li/Na/K)2CO3 + La0.75Sr0.25Cr0.5Fe0.5O3-

δ–Ce0.8Gd0.18Ca0.02O2-δ 
4.00E-10 3.87 375 0 [121] 

Ce0.8Gd0.2O2−δ-(Li,Na,K)2CO3 + La0.8Cs0.2Fe0.8Ni0.2O3−δ 1.20E-10 0.52 400 0 [116] 

Ce0.8Gd0.2O2−δ-(Li,Na,K)2CO3 + 80% Sm0.6Ba0.4Fe0.8Cu0.2O3-δ + 

20% CGO 
1.50E-10 0.35 400 0 [122] 

Ce0.8Gd0.18Ca0.02O2-δ-(Li/Na/K)2CO3 + La0.6Sr0.4FeO3-δ–

Ce0.8Gd0.18Ca0.02O2-δ 
7.00E-11 0.14 400 0 [120] 

(Li,Na,K)2CO-Ce0.8Gd0.18Ca0.02O2-δ + CoFe2O4-

Ce0.8Gd0.18Ca0.02O2-δ 
6.50E-11 0.095 400 0 [118] 

Ce0.8Gd0.2O2−δ-(Li,Na,K)2CO3 + 80% Pr0.6Ba0.4Fe0.8Cu0.2O3−δ + 

20% CGO-(Li,Na,K)2CO3 
6.00E-11 5.7 400 0 [117] 

Ce0.8Gd0.18Ca0.02O2-δ-(Li/Na/K)2CO3 + La0.6Sr0.4Fe0.8Cu0.2O3-δ-

Ce0.8Gd0.18Ca0.02O2-δ 
5.00E-11 0.1 400 0 [119] 

Ce0.8Gd0.18Ca0.02O2-δ–(Li/Na/K)2CO3 + La0.6Sr0.4Co0.2Fe0.8O3−δ-

Ce0.8Gd0.18Ca0.02O2−δ 
1.50E-13 0.2 400 0 [123] 

[a] rNH3: Ammonia productivity 

[b] Λ: Faradaic efficiency 

[c] T: Temperature 

[d] P: Pressure 

[e] Ref: References 

 

Tao et al. [116] first reported the use of ceramic materials as oxide-ion conducting 

electrolyte for ammonia electrosynthesis. A ceramic material with the formula of Ce0.8Gd0.2O2−δ-

(Li,Na,K)2CO3 was used as the electrolyte. Another ceramic material of La0.8Cs0.2Fe0.8Ni0.2O3−δ 

was used as the catalyst for both the cathode and the anode. The ceramic electrolyte was 

assembled by dry pressing followed by a co-firing process prior to use. Silver paste was applied 

on both sides of the ceramic electrolyte to serve as current collector. Wet nitrogen or air was 

supplied to the cathode at 50 mL min−1 of flow rate. The cell was operated under atmospheric 
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pressure at varying temperatures. The produced ammonia was collected by a sulfuric acid 

solution and analyzed with an ammonia meter. 

At the cathode, nitrogen is reduced to ammonia product with the oxide ion generated 

simultaneously, through oxide-ion conducting electrolyte, the oxide ion transfers from the 

cathode to the anode where it is oxidized to form oxygen gas.  

As shown in Figure 30A, 400 °C was the better temperature for ammonia formation than 

the other two temperatures (425 °C and 450 °C). As shown in Figure 30B, the highest faradaic 

efficiency of 0.52% was obtained under −1.5 V of applied cell voltage using nitrogen gas. At the 

same time, the ammonia production rate was 1.23 µmol s−1 m−2 under that cell voltage. When air 

was used as the reactant for cathode, the faradaic efficiency was only 0.06%, under a similar cell 

voltage (−1.4 V). 

 

 

Figure 29. (A) Ammonia productivity and faradaic efficiency at three different temperatures 

using air and H2O under −1.4 V of cell voltage (B) faradaic efficiency under different applied 

voltages at 400 °C [116] 

 

Tao et al. [121] reported the highest ammonia productivity using ceramic materials as 

oxygen-ion conducting electrolyte. Ce0.8Gd0.18Ca0.02O2-δ–(Li/Na/K)2CO3 was used as the ceramic 
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material in the electrochemical cell. Two other ceramic materials La0.75Sr0.25Cr0.5Fe0.5O3-δ–

Ce0.8Gd0.18Ca0.02O2-δ and Sm0.5Sr0.5CoO3−δ-Ce0.8Gd0.18Ca0.02O2-δ were used as the catalyst for both 

the cathode and the anode. Wet nitrogen was fed to the cathode, and the anode was exposed to 

air. The produced ammonia was collected by an HCl solution and analyzed using an ion-

selective electrode (ISE). 

The cell was operated under atmospheric pressure at three different temperatures. As 

shown in Figure 31a, the highest performance was obtained at 375 °C: 0.4 nmol s−1 cm−2 of 

ammonia productivity and 3.87% of faradaic efficiency. At the same time, the current density 

was −2.99 mA cm−2, and the cell voltage was –1.4 V. As shown in Figure 30b, higher cell 

temperature lowered the performance for ammonia production. The enhanced performance for 

ammonia production was attributed to the La0.75Sr0.25Cr0.5Fe0.5O3-δ as the cathode catalyst, in 

which Cr3+ ions at the B-site of doped LaFeO3 improved the chemical stability of ceramic 

electrolyte and the catalytic activity towards nitrogen reduction. 

 

 

Figure 31. Ammonia productivity and faradaic efficiency under (a) different applied voltages at 

375 °C (b) different temperatures under −1.4 V of cell voltage [121] 
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Tao et al. [117] reported the highest faradaic efficiency using ceramic materials as oxide-

ion conducting electrolyte. Ce0.8Gd0.2O2-δ–(Li/Na/K)2CO3 was used as the ceramic electrolyte. 

The mixture of 80% of Pr0.6Ba0.4Fe0.8Cu0.2O3−δ and 20% of Ce0.8Gd0.2O2-δ–(Li/Na/K)2CO3 was 

used as the catalyst for both the cathode and the anode. Other cell materials and configurations 

were the same as their previous work.  

The cell was operated at 400 °C under atmospheric pressure. As shown in Figure 32, the 

highest ammonia productivity of 1.8 µmol s−1 m−2 was obtained under −1.4 V of cell voltage. At 

the same time, the faradaic efficiency was 3.5%. The highest faradic efficiency of 5.7% was 

obtained under −1.7 V of cell voltage. Under the same voltage, the ammonia productivity was 

0.6 µmol s−1 m−2. 

 

 

Figure 32. Wet air and wet nitrogen at 400 °C under different applied voltages for (A) ammonia 

productivity and (B) faradaic efficiency [117] 

 

Tao et al. [123] recently reported the work in this category. The same ceramic material of 

Ce0.8Gd0.18Ca0.02O2-δ–(Li/Na/K)2CO3 was used as the oxygen-ion conducting electrolyte as their 

previous work. La0.75Sr0.25Cr0.5Fe0.5O3-δ–Ce0.8Gd0.18Ca0.02O2-δ and Sm0.5Sr0.5CoO3−δ-
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Ce0.8Gd0.18Ca0.02O2-δ were served as the cathode catalyst and the anode catalyst, respectively. 

Other cell materials and configurations were the same as their previous work. 

The cell was operated under atmospheric pressure at different temperatures. As shown in 

Figure 33, the highest ammonia productivity of 0.15 nmol s−1 cm−2 was obtained at 400 °C under 

−1.4 V of cell voltage. At the same time, the faradaic efficiency was 0.2%, and the current 

density was −21.21 mA cm−2. 

 

 

Figure 33. Ammonia productivity and faradaic efficiency at different cell temperatures under 

−1.4 V of cell voltage [123] 

 

2.2 Research Scope and Objectives 

2.2.1 Alkaline Membrane-Based Ammonia Electrosynthesis 

2.2.1.1 Advantages 

 (a) Alkaline membranes, or hydroxide-exchange membranes (HEMs), are a new class of 

polymer electrolytes that provide alkaline environment for electrochemistry. In fact, HEMs are 

the counterpart of the PEMs (proton-exchange membranes) which create acidic environment. As 
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we classified in literature review, the alkaline membranes fall within the category of polymer-

electrolyte hydroxide-conducting electrolyte (discussed in Section 2.1.2.4). At the cathode of 

ammonia electrosynthesis, there is a parasitic side reaction: hydrogen-evolution reaction (HER), 

along with the desired nitrogen-reduction reaction (NRR). The competition of the HER against 

the NRR drastically challenges the faradaic efficiency of ammonia electrosynthesis. In alkaline 

environment, the kinetics of the HER is approximately two orders of magnitude slow than that in 

acidic environment.  Such significant suppression of the HER enables the cathode to favor the 

NRR, increasing the faradaic efficiency of ammonia electrosynthesis. 

 In addition, ammonia is a base, and thus it readily reacts with acids to form the 

ammonium ion (NH4
+). In acidic environment, some ammonia product will inevitably turn into 

ammonium ions, which can migrate from the cathode, through the acidic electrolyte, to the 

anode. At the anode, the migrated ammonia may be oxidized back to nitrogen under aggressive 

anodic potentials. Since ammonia does not react with bases, producing ammonia in alkaline 

environment minimizes the ammonia crossover, which not only avoids the ammonia 

decomposition but also eases the ammonia collection.  

 (b) Compared with liquid bases as hydroxide-conducting electrolyte, alkaline membranes 

are solid bases. Solid bases are much easier and more convenient to handle and manage than 

liquid bases for electrochemical applications. Alkaline membranes can easily separate the two 

electrodes for their individual engineering such humidity control and gas supply. Alkaline 

membranes can be manufactured very thin (typically 100 μm), which promise the 

electrochemical devices to be highly compact with high production density. 
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2.2.1.2 Working principles 

 As shown in Figure. 34, the humidified nitrogen is supplied to the cathode where it is, in 

the presence of water, reduced with electrons from the cathode to form ammonia and hydroxide 

ion (OH−). The electrode reaction (2.1) is as follows with the reversible electrode potential of 

0.057 V vs. RHE. 

                                 N2 + 6H2O + 6e− = 2NH3 + 6OH− (0.057 V vs. RHE) (2.1) 

 At the anode, hydroxide ion, transferred from the cathode through the alkaline 

membrane, is oxidized to form oxygen and water, and to release electrons to the anode. The 

electrode reaction (2.2) is as follows with the reversible electrode potential of 1.229 V vs. RHE.   

                                         4OH− = O2 + 2H2O + 4e− (1.229 V vs. RHE) (2.2) 

 So, the overall cell reaction (2.3) is as follows with the reversible cell voltage of 1.172 V. 

                                               2N2 + 6H2O = 4NH3 + 3O2 (1.172 V) (2.3) 

 

 

Figure 34. Working principles of the HEM-based ammonia electrosynthesis 
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2.2.2 Research needs 

(a) Carbon cloths [111] and carbon papers (such as Toray TGP-H-120 [97], Sigracet 39 

BC [109], and Freudenberg H23C6 [110]) have been used as cathode substrate for AEM-based 

NH3 electrosynthesis. The popularity of using carbon materials as gas diffusion layer originated 

from their well-proven performances in fuel cells. However, the hydrophilicity, as an important 

materials parameter, of electrode substrates has not been investigated, and the impact on 

ammonia productivity isn’t clear. 

(b) A few groups of catalysts including γ-Fe2O3 catalyst [97], carbon-free metallic 

catalysts (Pt, Fe, Ni, and Fe-Ni) [108], carbon-supported metallic catalysts (Pt/C, Ir/C, Pd/C, 

Ru/C, and Au/C) [109, 110, 111] have been used as NRR catalysts for AEM-based NH3 

electrosynthesis. However, conflicting results have been reported from different groups. For 

example, Pt/C catalysts showed very high performance towards ammonia productivity in some 

literature [110, 111] but very low performance in others [108, 109]. Comparative study on 

typical NRR catalysts under consistent cell conditions [135] is missing in the area of AEM-based 

ammonia electrosynthesis. 

(c) Saturated water vapor was exclusively supplied over the cathode for AEM-based NH3 

electrosynthesis in literature [97, 108, 109, 110], by following the practices in fuel cells. 

However, the effect of water vapor supply on the cathode performance is not revealed. 

 

2.2.3 Research Objectives 

(a) To reveal the impact of electrode materials and surface hydrophilicity on the 

coulombic efficiency of ammonia electrosynthesis with alkaline-membrane electrolyte by 

investigating different electrode substrates with different surface hydrophilicity. 
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(b) To identify the promising nitrogen-reduction catalysts with high productivity of 

ammonia electrosynthesis with alkaline-membrane electrolyte by examining pristine metals and 

iron oxides. 

(c) To better understand the relation between the water supply over electrodes and the 

performance of ammonia electrosynthesis with alkaline-membrane electrolyte by conducting 

symmetric and asymmetric water vaper supply control. 
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CHAPTER 3 

SYSTEM AND ELECTRODES 

3.1 Ammonia Detection 

Laser cavity ring-down spectroscopy (LCRDS) is considered as one of the most accurate 

and fastest methodologies to detect ammonia in gases. The LCRDS is fundamentally different 

from traditional laser absorption spectroscopy in that the LCRDS detects the decay time (ring-

down) of light signal, instead of the intensity of light signal. As such, the LCRDS is independent 

on the power fluctuation of laser sources. In addition, the LCRDS has great length (typically, 20 

km) of light absorption by a set of high-reflection mirrors (typically, 99.999% of reflectivity). As 

a result, the LCRDS offers extremely high detecting sensitivity. The LCRDS is also highly 

selective, because nearly very small gas-phase molecule (e.g., CO2, H2O, H2S, HF, and NH3) has 

a unique near-infrared adsorption spectrum (just like fingerprint). Under the sub-atmospheric 

pressure, the spectrum consists of a series of narrow, well-resolved, and sharp absorption peaks, 

each at a characteristic wavelength. By selecting the characteristic wavelengths, the LCRDS will 

only pick up the absorption signal from the chosen gas molecule for detection. The LCRDS gives 

accurate molecular counts in millisecond. The ring-down signals are sensed by the light detector 

(photodiode) as shown in Figure 35. 
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Figure 35. A general schematic of the Laser Cavity Ring Down Spectroscopy [137] 

 

The LCRDS-based Tiger-2000 NH3 analyzer from Tiger Optics was used here as our 

major method for ammonia detection. This method allowed us to reach sub parts per billion 

(ppb) detection limits with high accuracy. Table 25 shows comparison between Tiger-2000 NH3 

analyzer and different NH3-detecting techniques. Obviously, Tiger-2000 NH3 analyzer has the 

lowest detection limits and smallest error. 

 

TABLE 25 

NH3-DETECTING TECHNIQUES AND THEIR TYPICAL LOWEST 

DETECTION LIMITS (LDLS) AND ERRORS 

PHASE 
NH3-DETECING TECHNIQUE 

TESTING METHODOLOGY 
LDL[c] ERROR 

Gaseous 

Tiger-2000 NH3 analyzer (Tiger Optics) 

Laser cavity ring-down spectroscopy (LCRDS) 
0.8 / 2.5 ppb 

32% (1 σ) / 0.3% 

(3 σ) 

NH3 responder (Calibration Technology Inc.) 

Photoionization detector (PID) 
1 – 2 ppm 

~ 200% 

(caused by water) 

Mass spectroscopy (MS) 10 – 25 ppm  

Gas chromatography (GC) 50 – 100 ppm  

Aqueous 

NH3 

IntellicalTM ISENH3181 electrode (Hach) 

Ion-selective electrode (ISE) – NH3 

50 / 500 μg/L. 

(0.8 / 8 ppm[a]) 
~300% / 10% 
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TABLE 25 (continued) 

Aqueous 

NH3 

Pocket Colorimetzer., II. Ammonia (Hach) 

Colorintetry (based on salicylate) 

10 – 80 μg/L (claimed) 

(0.16 – 1.2 ppm[a]) 
 

Colorimetry (based on pyridine-pyrzaolone)[b] 
1 – 10 μg/L (claimed) 

(0.016 – 0.16 ppm[a]) 
 

Aqueous 

NH4
+ 

IntellicalTM ISENH4181 electrode (Hach) 

Ion-selective electrode (ISE) – NH4
+ 

100 / 200 μg/L 

(1.6 / 3.2 ppm[a]) 

20% / 15% 

 
[a] Based on 0.2 L/min of flow rate for 10 min of collection time in 25 mL of collection volume  

[b] From J.M Kruse, et al, Anal Chem, 1953, 25, 1188 [133]. 

[c] LDL: Lowest detection limits. 

 

3.2 Experimental System 

 

Figure 36. Our experimental system running in the laboratory 

 

We have built our experimental system by integrating all necessary subsystems. Figure 

36 shows the experimental system running in our laboratory. Specifically, the experimental 

system consisted of (from the left to right) vacuum pump with noise-absorbing case, Tiger-2000 

NH3 analyzer (from Tiger Optics, black), fuel-cell testing station (850e, from Scribner 

Associates Inc., eggshell color), electrolytic cell (from Scribner Associates Inc., blue), two 

potentiostat devices (VersaSTAT from Amtrek, dark blue; and SP-150 from Bio-Logic, blue), 

and DI water tank (from Scribner Associates Inc., silver). DI water tank is utilized to 
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automatically supply DI water to the two humidifier tanks (for cathode and anode) inside the 

testing station. The testing station (850e, from Scribner Associates) accurately controls 

temperatures (for electrolytic cell, cathode humidifier tank, and anode humidifier tank), and flow 

rates (cathode and anode). The electrolytic cell was assembled by the membrane-electrode-

assembly (MEA) fashion, to which gases are delivered to the cathode and anode. 

The electrolytic cell is connected to two potentiostat devices: one for controlling current 

or potential of electrolytic cell; and the other for measuring cell resistance by impedance method. 

The cell resistance was measured before and after the experiment to monitor the cell conditions, 

especially the condition of membrane in the cell. The impedance test was conducted by applying 

a range of frequencies from 1 Hz to 200 kHz between the two electrodes of the electrolytic cell, 

and the observed cell resistance was typically around 0.1 Ω. The open circuit voltage (OCV) was 

also measured after cell assembly before performing any testing to examine if the assembled cell 

is free of short circuit issue (close to 0 V, if occurred).   

The exhaust gas from the cathode (working electrode) was connected and detected by 

Tiger-2000 NH3 analyzer. A vacuum pump was connected to the exhaust of the Tiger-2000 NH3 

analyzer to control the needed sub-atmospheric pressure (typically, 600−650 torr) Figure 37 

shows a flow chart for our experimental system major components. 
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Figure 37. Flow chart for our experimental system major components 

 

3.3 Materials and Protocols 

Iron nanoparticles with different average particle sizes (25, 40, 70, 100, and 800 nm), 

Fe2O3 nanoparticles with different phases (gamma and alfa) and sizes (3, 5, 25, 30, and 50 nm), 

Fe3O4 nanoparticles with two typical sizes (5 and 25 nm), and Fe(OH)3 (5 nm) were purchased 

from the US-Nano. 40% Fe/C nanoparticles, Ru nanoparticles (11 nm), Mo nanoparticles (40 

nm), Co nanoparticles (28 nm), Ni nanoparticles (25 nm), Pt nanoparticles (5.5 nm), Rh 

nanoparticles (15 nm), and Pd nanoparticles (15 nm), Pt/C nanoparticles (20%, 30%, and 40%, 

2.5 nm) and IrO2 nanoparticles (35 nm, or 15 m2/g of specific area) were purchased from the 

Premetek. 

Stainless steel meshes (500 of mesh count, 55 μm of thickness, and 27 μm of diameter for 

metal wires) were purchased from the Alfa Aesar. Hydrophilic carbon clothes (1071HCB), 

hydrophobic carbon clothes (W1S1009), and carbon papers (29BC) were purchased from the 

Fuel Cell Store. 

Electrolytic Cell NH3 Analyzer (Tiger-2000) Testing Station (850e) 

Potentiostat Device (VersaSTAT) 
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Commercial Fumasep FAA membranes (FAA-3-75 and FAA-3-130) were purchased 

from the Fuel Cell Store. FAA membranes were treated with the established procedure, and the 

phosphonium ionomer was synthesized and prepared in our lab by following Gu et al. [134] 

method. 

Ultra-pure nitrogen gas (99.999%), argon gas (99.999%), and hydrogen gas (99.999%) 

were purchased from Matheson.  

 

3.4 Electrode Preparation 

In general, the electrodes were prepared by coating nanoparticle catalysts on electrode 

substrates (stainless steel mesh, carbon cloth, or carbon paper). The coating of nanoparticle 

catalysts was achieved by uniformly spraying catalyst ink using a fine air gun. The typical recipe 

is as follows: 50 mg of nanoparticle catalyst, 250 mg of ionomer solution (20wt.% of polymer 

solute in the mixed solvent of half isopropanol and half water), and 1 g of isopropanol. Before 

spraying, the catalyst ink was sonicated for 30 min at 0 °C. 

Uniformly, the size of electrode substrates was 5 × 5 cm2. By comparing the weight 

before and after coating, the loading of catalyst can be obtained. Typically, the catalyst loading 

was 0.5 mg cm−2 for all electrodes (and constantly 20wt.% of ionomer content as well), unless 

otherwise specified. Figure 38 shows SS 500 mesh before and after catalyst loading with two 

different types of catalysts. 
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Figure 38. SS 500 mesh before and after catalyst loading with two different types of catalysts 

 

3.5 Background Signal 

We have conducted a blank test to detect the background signal. In this experiment, two 

blank SS 500 mesh were used as cathode and anode. The treated FAA-3-75 membrane was used 

as AEM. The electrolytic cell was assembled, and N2 gas was supplied to the cathode and anode 

at flow rates of 0.10 and 0.02 L min−1, respectively. The electrolyte cell and the two humidifier 

tanks were set to have the same temperature of 30 °C. Constant voltages were applied from 0 to 

−2.0 V with 0.2 V of increasing step and 15 minutes of step duration. Figure 39 shows the 

ammonia detecting profile. The horizontal axis represents the time with 15 minutes per grid for 

each voltage step. The vertical axis represents ammonia concertation in the unit of ppb. 

Obviously, zero ppb (or < 0.05 ppb) of ammonia concentration from the cathode exhaust was 

detected by Tiger ammonia analyzer along with the whole testing time/voltage, showing very 

clean background signal for ammonia detection. 
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Figure 39. Ammonia-detecting profile in ppb from Tiger 2000 along with the testing 

time/voltage in the control experiment: two blank SS 500 mesh were used as both cathode and 

anode. FAA-3-75 membrane as the AEM. N2 gas was supplied to the cathode and anode at flow 

rates of 0.10 and 0.02 L min−1, respectively. The cell temperature was at 30 °C, and the same 

temperature was set for the two humidifiers. Constant voltages were applied from 0 to −2.0 V 

with 0.2 V of increasing step and 15 minutes of step duration. 

 

Then we replaced the blank SS electrodes with Fe- and IrO2-coated SS 500 mesh for 

cathode and anode, respectively. As shown in Figure 40, the ammonia-detecting profile had a 

peak around −2.0 V with around 1,700 ppb or 1.7 ppm of ammonia concentration. This proves 

that the ammonia signal is strong enough for detection.  
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Figure 40. Ammonia-detecting profile in ppb from Tiger 2000 along with the testing 

time/voltage in the control experiment: Fe and IrO2 coated SS 500 mesh electrode for cathode 

and anode, respectively. FAA-3-75 membrane as the AEM. N2 gas was supplied to the cathode 

and anode at flow rates of 0.1 and 0.02 L min−1, respectively. The cell temperature was at 30 °C, 

and the same temperature was set for the two humidifiers. Constant voltages were applied from 0 

to −2.6 V with 0.1 or 0.2 V of increasing step and 15 minutes of step duration. 

 

3.6 On-Off Cycling 

Figure 41 shows ammonia-detecting profile behavior for three cycles of on and off mode 

from the electrolytic cell with Fe-coated SS500 as cathode, and IrO2-coated SS500 as anode. The 

“on mode” was applying −2.0 V for 20 min, and the “off mode” was setting open circuit (not 

applying any voltage) for the same 20 min. Clearly, when the electrolytic cell operated at the “on 

mode”, the ammonia signal peaked around 1.2 ppm for the three on-off cycles. And, when the 

electrolytic cell was at the “off mode”, the ammonia signal dropped quickly until the cell was 

turned to the “on mode” in the next cycle. Such behavior of ammonia signal following the cell 

operation confirmed that the ammonia formation was driven indeed by electrical potential. 
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Figure 41. Ammonia-detecting profile in ppb from Tiger 2000 along with the testing 

time/voltage for on-off cycling of ammonia productivity: Fe and IrO2 coated SS 500 mesh 

electrode for cathode and anode, respectively. FAA-3-75 membrane as the AEM. N2 gas was 

supplied to the cathode and anode at flow rates of 0.10 and 0.02 L min−1, respectively. The cell 

temperature was set at 30 °C, and the same temperature was set for the two humidifiers. Three 

cycles are shown with −2.0 V @ 20-min / open-circuit @ 20-min on/off at the end of cell testing 

 

3.7 Oxygen-Evolution Reaction versus Hydrogen-Oxidation Reaction 

In constructing the electrolytic cell with the cathode as the desired ammonia-formation 

reaction, the anode can be one of the two most popular reactions: oxygen-evolution reaction 

(OER) and hydrogen-oxidation reaction (HOR). Using OER for anode reaction can avoid the use 

of costly hydrogen gas. The IrO2-coated SS 500 mesh can serve as a good OER electrode with 

flowing nitrogen or argon gas through anode. Well, using HOR for anode reaction can offer good 

control of electrical potential, because of the fast HOR kinetics. The Pt/C-coated carbon cloth 

can be used as an excellent HOR electrode with hydrogen gas supplied to the anode. The 

electrode reaction of the HOR is shown below:  

H2 + 2OH− = 2H2O + 2e− (0 V vs. RHE)                   (3.1) 

In order to better understand the impact of cathode overpotential on ammonia production, 

and to better control the current density by applying exact cathode overpotential, Because of the 
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better control of cathode potential, the HER electrode was chosen as the anode for following 

studies. In addition to the better control of cathode potential, we can also better control the cell 

current by avoiding the complication of OER anode (the OER kinetics is roughly two orders of 

magnitude slower than the HOR kinetics). We have compared the two electrode reactions (HOR 

and OER) serving the anode. Under our testing conditions, we observed that 0 to −1.0 V vs. RHE 

of cathode potential with HOR anode is fairly equivalent to 0 to −2.6 V of cell voltage with OER 

anode. However, it must be pointed out that the OER anode bears much larger fluctuations (a 

few hundred of mV from cell to cell) than the HOR one. Figure 42 shows the ammonia profile of 

a typical electrolytic cell with HOR anode. By comparing the cathode potential at the peak 

ammonia signal (around 2.5 ppm at −0.4 V vs. RHE) with the cell voltage at the peak ammonia 

signal of the typical electrolytic cell with OER anode (Figure 40, ≈ −2.0 V). −0.4 V vs. RHE 

with HOR anode is essentially equivalent to −2.0 V of cell voltage with OER anode. 

 

 

Figure 42. Ammonia-detecting profile in ppb from Tiger 2000 along with the testing time/voltage in 

experiment using HOR anode: Fe coated SS 500 mesh as the cathode and 40% Pt/C coated OCC as the 

anode. FAA-3-75 membrane as the AEM. N2 gas was supplied to the cathode and H2 gas to the anode at 

the same flow rate of 0.10 L min−1. The cell temperature was set at 30 °C, and the same temperature was 

set to the two humidifiers. Constant voltages were applied from 0 to −1.0 V with 0.2 V of increasing step 

and 15 minutes of step duration. 
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3.8 Electrode Substrates 

In this section, we studied the impact of using different types of electrode substrates on 

the current density and more importantly the ammonia productivity. Four representative types of 

electrode substrates were used for comparison. The electrode substrates are shown in Table 26.  

 

TABLE 26 

THE FOUR TYPICAL ELECTRODE SUBSTRATES CHOSEN 

ELECTRODE SUBSTRATE 
PRODUCT 

CODE 
MANUFACTURER 

PTFE CONTENT 

(%) 

Stainless-steel cloth (SSC) SS-500 Alfa 0 

Hydrophilic carbon cloth (LCC)a 1071HCB AvCab 0.5 

Hydrophobic carbon paper (OCP) 29BC Sigracet 10 

Hydrophobic carbon cloth (OCC) W1S1009 CeTech 20b 
[a] Prepared by treating the plain 1071HCB carbon cloth by 68 wt. % HNO3 at 80 °C for 2 hours, followed by washing and drying at 80 °C before 

usage 
[b] PTFE content is estimated 

 

Figure 43 shows the obtained current density profiles from the four different substrates 

(SSC, LCC, OCC, and OCP) coated with the same catalyst (Fe) and tested under exactly the 

same experimental conditions. The horizontal axis is the applied cathode potential with respect to 

RHE (reversible hydrogen electrode), and the vertical axis is the measured current density. As 

expected, the magnitude of the current density increases with applying more negative cathode 

potential for all cases. Obviously, the electrode substrate has significant impact on current 

density. For most cathode potentials, the magnitude of current density follows the deciding trend: 

OCP > LCC > OCC > SSC, except under −1 V vs. RHE of cathode potential (OCC delivered 

slightly higher magnitude of current density than the OCC). Specifically, under a representative 

cathode potential of −0.5 V vs. RHE, the obtained current density was −72.25, −54.67, −35.26, 

and −19.95 mA/cm2 from OCP, LCC, OCC, and SSC substrate, respectively. In fact, the trend of 
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current density is consistent with the surface roughness of the substrate. The OCP substrate has a 

well-structured MPL (micro-porous layer) that offers highly extended substrate area for hosting 

catalyst. The LCC substrate has the roughened surface resulted from the treatment by strong acid 

(68wt.% HNO3) at elevated temperature (80 °C). Both OCC and SSC substrates do not have an 

MPL or roughened surface, and thus they have lower capacity of hosting catalyst for 

electrochemical reaction at the cathode. Compared with the OCC substrate that is free of any 

open area, the SSC has 30% of open area, which largely explains the observed lower current 

density on SSC than on OCC. 

 

 

Figure 43. The current-density profiles on different electrode substrates (SSC, LCC, OCC, and 

OCP) − coated with the same catalyst (Fe 25 nm). 40% Pt/C coated OCC as the anode. FAA-3-

75 membrane as the AEM. N2 gas was supplied to the cathode at 0.1 L min−1, and H2 gas was 

supplied to the anode at 0.1 L min−1. The cell temperature was set at 30 °C, and the same 

temperature was set to the two humidifiers. Constant voltages were applied from 0 to −1.0 V 

with 0.2 V of increasing step and 15 minutes of step duration. 
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Figure 44 shows ammonia-producing profiles from different electrode substrates. 

Surprisingly, the electrode substrate has significant impact on ammonia production, which has 

never been reported before. With the same Fe catalyst and same testing conditions, the ammonia 

producing performance in different substrate follows the descending trend: SSC > LCC > OCP > 

OCC. In particular, the SSC substrate offered the peak ammonia productivity around 2,700 ppb 

(or 2.7 ppm), then the LCC with 250 ppb, the OCP with 60 ppb, and finally OCC with 30 ppb. In 

fact, the LCC substrate only showed 9% of the peak ammonia productivity from the SSC 

substrate. The ammonia productivity from both OCP and OCC substrates were extremely low: 

their peak ammonia concentrations are only 1%−2% that of the SSC substrate.  

As a matter of fact, this trend is in line with the hydrophilicity of electrode substrate 

(PTFE content: 0% < 0.5% < 10% < 20%). The stronger hydrophilicity leads to the higher 

ammonia productivity. At the cathode, the desired product is hydrophilic ammonia, and the 

undesired product is hydrophobic hydrogen. It is understandable that the hydrophilic electrode 

substrate favors the hydrophilic ammonia product, relatively speaking.  

From figure 44, ammonia productivity peaked at different potentials for substrates. It was 

−0.4 V vs. RHE for SSC, −0.8 V vs. RHE for LCC, −0.9 V vs. RHE for OCP, and OCV for 

OCC. Compared with the SSC substrate, both LCC and OCP substrates required much more 

negative cathode potential to reach the peak ammonia productivity. These results can be 

reasoned by two possibilities: one is that the two carbon substrates might have some active 

impurities prone to be reduced; and the other is that hydrophobicity poses certain penalty of 

potential to be overcome. The exact reason may be revealed with further investigation. 
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Figure 44. Ammonia-producing performance from different substrates coated with the same Fe catalyst: (a) SSC @ 

Fe, (b) LCC @ Fe, (c) OCP @ Fe, and (d) OCC @ Fe. 40% Pt/C coated OCC as the anode. FAA-3-75 membrane as 

the AEM. N2 gas was supplied to the cathode and H2 gas to the anode at the same flow rate of 0.10 L min−1. The cell 

temperature was set at 30 °C, and the same temperature was set to the two humidifiers. Constant voltages were 

applied from 0 to −1.0 V with 0.2 V of increasing step and 15 minutes of step duration. 

 

 

Figure 45. The impact of electrode substrate on (a) current density (b) ammonia productivity. Fe catalyst was coated 

on all substrates for cathode, and 40% Pt/C coated OCC as the anode. FAA-3-75 membrane as the AEM. N2 gas was 

supplied to the cathode and H2 gas to the anode at the same flow rate of 0.10 L min−1. The cell temperature was set 

at 30 °C, and the same temperature was set to the two humidifiers. Constant voltages were applied from 0 to −1.0 V 

with 0.2 V of increasing step and 15 minutes of step duration. 
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 Figure 45 shows the impact of electrode substrate on both current density and ammonia 

productivity. Given that the SSC substrate delivered the smallest current density, the SSC 

substrate offered the highest peak ammonia productivity, compared with all the other substrates. 

 Specifically, on the SSC substrate, the maximum ammonia productivity was 9.75 pmol 

cm−2 s−1 with −7.5 mA cm−2 current density, leading to 0.04% of faradaic efficiency. For the 

LCC substrate, the maximum ammonia productivity was 1.0 pmol cm−2 s−1 with −145 mA cm−2 

current density, leading to 0.0002% of faradaic efficiency. For the OCP substrate, the maximum 

ammonia productivity was 0.25 pmol cm−2 s−1 with −203 mA cm−2 current density, leading to 

0.00004% of faradaic efficiency. Obviously, the SSC substrate has the highest faradaic 

efficiency (0.04%), followed by the LCC substrate (0.0002%), and the OCP substrate 

(0.00004%). The OCC substrate did not electrochemically produce meaningful ammonia, 

because the cathode potential was open circuit at the peak ammonia concentration. 

 

3.9 Conclusion 

(a) The on-off cycling experiment confirmed that ammonia production is driven by 

electrical potential in the AEM based ammonia electrosynthesis. It was observed that ammonia 

productivity at the Fe-coated SSC substrate as the cathode peaked consistently −0.4 V vs. RHE 

of cathode potential with the HOR anode, and at −2.0 V of cell voltage with the OER anode. 

(b) Electrode substrates showed significant impacts on both current density and ammonia 

productivity. The obtained current density follows the descending trend: OCP, LCC, OCC, and 

SSC substrate: −72.25, −54.67, −35.26, and −19.95 mA/cm2, respectively, under −0.5 V vs. 

RHE. The trend of current density is consistent with the order of the surface roughness of the 

electrode substrates: the higher surface roughness leads to the larger current density. The 
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observed peak ammonia productivity follows the descending trend: SSC, LCC, OCP, and OCC 

substrate: 9.75, 1.0, 0.25, and 0.125 pmol cm−2 s−1, respectively. The trend of ammonia 

productivity is in line with the hydrophilicity of electrode substrates: the higher hydrophilicity 

leads to higher ammonia productivity. 

(c) Compared with LCC, OCP, and OCC substrates, the SSC substrate exhibited the 

highest faradic efficiency of 0.04% (at the current density of −7.5 mA/cm2 under cathode 

potential of −0.4 V vs. RHE), followed by the OCP substrate: 0.0002% of faradaic efficiency 

(−145 mA/cm2, −0.8 V vs. RHE); and the OCC substrate: 0.00004% of faradaic efficiency (−203 

mA/cm2, −0.9 V vs. RHE). The OCC substrate did not electrochemically produce meaningful 

ammonia.  
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CHAPTER 4 

NITROGEN-REDUCTION CATALYSTS 

4.1 Theoretical Catalyst Predictions 

Theoretical catalyst prediction has been a useful method to down select a huge number of 

catalysts to a small group we can use for experiments. Medford et al [135] reported the 

theoretical work of correlating catalytic activity with the strength of metal-nitrogen bond, as 

shown in Figure 46a. The work suggests that the most active catalysts should have an optimal 

strength of metal-nitrogen bond: neither too weak so it can adsorb and activate reactants nor too 

strong so it can desorb and release products. Such prediction essentially follows the well-

established Sabatier principle (or Sabatier optimum, Figure 46a). Two energies were used as 

benchmarks: one is the activation energy of N2 molecule (or the N2 transition-state energy, 

denoted as EN−N); and the other is the adsorption energy of nitrogen atom (or the bond strength of 

metal-nitrogen, denoted as EN). In general, EN–N determines the rate of N2 dissociation, and EN 

determines the coverage of N atom on the surface. 

Figure 46b shows the computed values of EN–N and EN through ammonia synthesis on 

rhodium (Rh) with (211) surface. Figure 46c shows the relation between the two types of 

energies (EN–N and EN) and the observed kinetics (in turnover frequency, TOF) of ammonia 

formation on different stepped transition-metals. On Figure 46c, there is a clear linear scaling 

relation between EN–N and EN, suggesting that a single energy (EN) is good enough to describe 

the catalyst in terms of the ammonia synthesis rates as shown in Figure 46d. Thanks to these 

theoretical predictions, we have down selected catalysts to iron (Fe), rhodium (Rh), ruthenium 

(Ru), cobalt (Co), molybdenum (Mo), nickel (Ni), and palladium (Pd) to serve as the nitrogen-

reduction catalysts for investigation in our project. Note that rhenium (Re) is of our interest, but 
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the Re nanoparticles are not commercially available. We added Pt for comparison because of the 

popularity of using Pt in many electrochemical applications. 

 

 

Figure 46. (a) Schematic representation of the qualitative Sabatier principle (b) potential energy 

diagram for simplified ammonia synthesis reaction, along with active site motif for the (211) 

surfaces with the step as the active site. (c) Ammonia synthesis rate as a function of nitrogen 

adsorption energy and N2 dissociation barrier with energetics for FCC/HCP metal step sites and 

scaling line. Shaded area shows the theoretical limit since the activation barrier (Ea) must always 

be positive (d) Rate shown as a function of the nitrogen adsorption energy, utilizing that EN–N is 

a linear function of EN [135] 
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4.2 Pure Metals 

We have tested the eight chosen metals (Ru, Rh, Fe, Mo, Co, Ni, Re, Pd, and Pt) with 

nanoparticle form under the same experimental conditions (30 °C for the electrolytic cell and 

both humidifier tanks, and other conditions same as in the previous chapter). In this chapter, we 

have improved our cell assembly (by adopting precise thickness of gaskets) and optimized the 

ammonia collection by (removing ammonia condenser between cell exhaust and Tiger analyzer). 

As a result, we have observed much higher performance than in previous chapter. The 

experimental results are summarized in Tables 27 and 28. Depending on the cathode potential 

that delivers the peak ammonia productivity, those eight catalysts can be categorized in two 

groups. The first group (Fe, Ru, Mo, and Co) had their peak ammonia productivity around 

−0.20~−0.25 V vs. RHE of cathode potential (Table 27). The peak ammonia productivity follows 

the descending trend: Co, Fe, Ru, and Mo with 41.0, 30.7, 5.2, and 1.5 pmolNH3 cm−2 s−1, 

respectively. The faradaic efficiency follows a different trend: Co, Fe, Mo, and Ru with 1.3%, 

1.6%, 0.66%, and 0.013%, respectively. The second group (Ni, Pt, Rh, and Pd) was at −0.05 V 

vs. RHE of cathode potential to deliver the peak ammonia productivity (Table 28). The peak 

ammonia productivity follows the descending trend: Pd, Pt, Rh, and Ni with 46.5, 6.0, 3.4, and 

0.4 pmolNH3 cm−2 s−1, respectively. The faradaic efficiency in the second group also follows a 

different trend: Pd, Rh, Ni, and Pt with 1.4%, 0.20%, 0.081%, and 0.066%, respectively. Since 

the cathode potential that delivered the peak ammonia productivity is very close to open circuit 

voltage for the second group of metals, it is highly possible that the observed ammonia might not 

come from electrochemical reaction. Our focus was then laid on the first group. 
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TABLE 27 

PERFORMANCE COMPARISON FOR THE FIRST GROUP OF CATALYSTS UNDER 

THE SAME TEST CONDITIONSf 30-30-30 AS CELL-N2-H2 TEMPERATURE 

NRR CATALYST 
CNH3

a
 

(ppm) 

rNH3
b

 

(pmolNH3/cm2s) 

VNH3-peak
c
 

(V vs. RHE) 

INH3-peak
d

 

(mA/cm2) 

ΛNH3-peak
e
 

(%) 

Co (28 nm) 11.00 41.0 −0.25 1.21 1.3 

Fe (25 nm) 8.24 30.7 −0.25 1.13 1.6 

Ru (11 nm) 1.40 5.2 −0.25 22.75 0.013 

Mo (40 nm) 0.40 1.5 −0.20 0.13 0.66 
[a] CNH3: Ammonia concentration  

[b] rNH3: Ammonia productivity  

[c] VNH3-peak: Cathode potential at peak ammonia productivity 

[d] INH3-peak: Current density at peak ammonia productivity  

[e] ΛNH3-peak: Faradaic efficiency for peak ammonia productivity 

[f] The catalysts were deposited on SS-500, with loading around 0.5 mg cm−2 and 20wt.% ionomer 

content, used as the cathode. 20% Pt/C on OCC, with loading around 0.5 mg cm−2 and 20wt.% ionomer 

content, used as the anode. The effective area of electrodes is around 20 cm2. FAA-3-75 in OH− was used 

as the alkaline membrane. The cell temperature and two humidifiers temperatures were set at 30 °C. 

Ultra-pure N2 gas and ultra-pure H2 gas (99.999%) were fed to the cathode and anode, respectively, at 

0.10 L min−1 for both gases. Constant voltages were applied for each data point for 5 minutes from 0 V to 

−0.2 V and 10 minutes from −0.25 V to −0.5V (or −1.0 V). 

 

TABLE 28 

PERFORMANCE COMPARISON FOR THE SECOND GROUP OF CATALYSTS 

UNDER THE SAME TEST CONDITIONSf 30-30-30 AS CELL-N2-H2 TEMPERATURE 

NRR CATALYST 
CNH3 

(ppm) 

rNH3 

(pmolNH3/cm2s) 

VNH3-peak 

(V vs. RHE) 

INH3-peak 

(mA/cm2) 

ΛNH3-peak 

(%) 

Pd (15 nm) 12.50 46.5 −0.05 1.94 l.4 

Pt (5.5 nm) 1.60 6.0 −0.05 5.19 0.066 

Rh (15 nm) 0.90 3.4 −0.05 0.95 0.20 

Ni (25 nm) 0.12 0.4 −0.05 0.32 0.081 
[a] CNH3: Ammonia concentration  

[b] rNH3: Ammonia productivity  

[c] VNH3-peak: Cathode potential at peak ammonia productivity 

[d] INH3-peak: Current density at peak ammonia productivity  

[e] ΛNH3-peak: Faradaic efficiency for peak ammonia productivity 

[f] The catalysts were deposited on SS-500, with loading around 0.5 mg cm−2 and 20wt.% ionomer 

content, used as the cathode. 20% Pt/C on OCC, with loading around 0.5 mg cm−2 and 20wt.% ionomer 

content, used as the anode. The effective area of electrodes is around 20 cm2. FAA-3-75 in OH− was used 

as the alkaline membrane. The cell temperature and two humidifiers temperatures were set at 30 °C. 

Ultra-pure N2 gas and ultra-pure H2 gas (99.999%) were fed to the cathode and anode, respectively, at 

0.10 L min−1 for both gases. Constant voltages were applied for each data point for 5 minutes from 0 V to 

−0.2 V and 10 minutes from −0.25 V to −0.5V (or −1.0 V). 
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 These results were different from the theoretical catalysts’ predictions. DFT calculations 

predicted that Ru and Rh would achieve the highest ammonia productivity among the down 

selected catalysts. Well, we observed that Co and Fe are two most active catalysts for ammonia 

formation in alkaline-membrane system. The catalytic activities used in the theoretical 

predication were from thermal reaction at high temperature (250 °C) and under 0.8 bar. The 

difference in reaction conditions might be responsible for the discrepancy. In addition, the 

electrochemical reaction might also behave differently from the thermal reaction. 

 Figure 47a shows the ammonia detecting profile of Co metal as the cathode catalyst, and 

its peak is around 11 ppm. Figure 47b shows the ammonia productivity along with the cathode 

potential: the peak ammonia productivity is 40 pmol cm−2 s−1 under −0.20 V vs. RHE of cathode 

potential. Figure 47c shows the current density with respect to the cathode potential, and Figure 

47d shows the faradaic efficiency with respect to the cathode potential. In particular, under −0.20 

V vs. RHE of cathode potential, the current density and faradaic efficiency are 1.21 mA/cm2 and 

2.0%, respectively.  
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Figure 47. Cell performance of a typical Co (28 nm) electrode with HOR anode under typical 

operation condition of 30-30-30 °C as cell-N2-H2 temperature, respectively. (a) NH3 production 

profile measured by Tiger analyzer. (b) NH3 productivity along with cathode potential. (c) 

current density along with cathode potential. (d) coulombic efficency along with cathode 

potential. The catalysts were deposited on SS-500, with loading around 0.5 mg cm−2 and 20wt.% 

ionomer content, used as the cathode. 20% Pt/C on OCC, with loading around 0.5 mg cm−2 and 

20wt.% ionomer content, used as the anode. The effective area of electrodes is around 20 cm2. 

FAA-3-75 in OH− was used as the alkaline membrane. The temperature of the cell and two 

humidifiers temperautres were set at 30 °C. Ultra-pure N2 and ultra-pure H2 (99.999%) for 

cathode and anode, respectively, at the same flow of 0.1 L min−1 for both gases. Constant 

voltages were applied for each data point for 5 minutes from 0 V to −0.2 V and 10 minutes from 

−0.25 V to −0.5 V. 
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4.3 Iron Oxides 

Owing to the reported high performances in electrochemical ammonia formation in 

literature, we also examined different types of commercial iron and iron oxides, including carbon 

supported iron (40% Fe/C), magnetite (Fe3O4) with two sizes (5 and 25 nm), maghemite (γ-

Fe2O3) with two sizes (5 and 30 nm), hematite (α-Fe2O3) with two sizes (5 and 30 nm), ferric 

oxyhydroxide [Fe (OH)3, or FeO (OH)·H2O] with one size (5 nm), and hematite (α-Fe2O3) 

nanorods with one size (10 × 50 nm). Table 29 shows the performance of those catalysts, 

compared with metallic Fe (25 nm) as a benchmark.  

Regardless of size (5 or 30 nm) and shape (nanoparticle or nanorod), α-Fe2O3 catalysts 

showed the lowest ammonia productivity (rNH3) in the range of 0.01−1.5 pmol cm−2 s−1 with the 

lowest faradaic efficiency (ΛNH3-peak) in the range of 0.00056%−0.025%. Similarly, Fe (OH)3 

showed very low performance towards ammonia formation with 1.1 pmol cm−2 s−1 of ammonia 

productivity and 0.015% of faradaic efficiency. 

 

TABLE 29 

PERFORMANCE COMPARISON BETWEEN METALLIC IRON (FE 25 NM) AND IRON 

OXIDES UNDER THE SAME TEST CONDITIONSf 30-30-30 °C AS CELL-N2-H2 

TEMPERATURE 

FAMILY NRR CATALYST CNH3
a

 

(ppm) 

rNH3
b

 

(pmolNH3/cm2 s) 

VNH3-peak
c
 

(V vs. RHE) 

INH3-peak
d

 

(mA/cm2) 

ΛNH3-peak
e
 

(%) 

Fe 
Fe (25 nm) 8.24 30.7 −0.25 1.13 1.6 

40% Fe/C (size unknown) 5.40 20.1 −0.25 1.87 0.62 

Fe3O4 
Fe3O4 (25 nm) 7.90 29.4 −0.45 5.45 0.31 

Fe3O4 (5 nm) 6.20 23.1 −0.45 4.34 0.31 

γ-Fe2O3 
γ-Fe2O3 (30 nm) 7.10 26.4 −0.45 9.87 0.16 

γ-Fe2O3 (5 nm) 6.60 24.6 −0.45 5.50 0.26 

α-Fe2O3 

α-Fe2O3 (30 nm) 0.40 1.5 −0.45 3.45 0.025 

α-Fe2O3 (5 nm) 0.05 0.2 −0.45 3.67 0.0029 

α-Fe2O3-nanorod (10 x 50 nm) 0.01 0.01 N/A 3.88 0.00056 

Fe(OH)3 Fe(OH)3 (5 nm) 0.30 1.1 −0.45 4.22 0.015 

[a] CNH3: Ammonia concentration 

[b] rNH3: Ammonia productivity 
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TABLE 29 (continued) 

[c] VNH3-peak: Cathode potential at peak ammonia productivity 

[d] INH3-peak: Current density at peak ammonia productivity 

[e] ΛNH3-peak: Faradaic efficiency for peak ammonia productivity 

[f] The catalysts were deposited on SS-500, with loading around 0.5 mg cm−2 and 20wt.% 

ionomer content, used as the cathode. 20% Pt/C on OCC, with loading around 0.5 mg cm−2 and 

20wt.% ionomer content, used as the anode. The effective area of electrodes is around 20 cm2. 

FAA-3-75 in OH− was used as the alkaline membrane. The temperature of the cell and two 

humidifiers temperautres were set at 30 °C. Ultra-pure N2 and ultra-pure H2 (99.999%) for 

cathode and anode, respectively, at the same flow of 0.1 L min−1 for both gases. Constant 

voltages were applied for each data point for 5 minutes from 0 V to −0.2 V and 10 minutes from 

−0.25 V to −0.5 V. 

 

Fe, Fe3O4, and γ-Fe2O3 catalyst families showed the highest performance towards 

ammonia formation among the tested iron-based catalysts. The highest ammonia productivity of 

30.7 pmol cm−2 s−1was achieved by the metallic Fe (25 nm) with 1.6% of faradaic efficiency. 

Having the same particle size of 25 nm, the Fe3O4 (25 nm) showed slightly lower ammonia 

productivity than the Fe (25 nm): 29.4 pmol cm−2 s−1 with 0.31% of faradaic efficiency. Having 

very close particle size, the γ-Fe2O3 (30 nm) showed a little lower ammonia productivity than the 

Fe3O4 (25 nm): 26.4 pmol cm−2 s−1 with 0.16% of faradaic efficiency. Overall, the Fe3O4 and the 

γ-Fe2O3 delivered very close performance of ammonia formation. The lowered peak ammonia 

productivity implies that the iron atoms are the more active catalytic sites than the iron oxide 

structure. 

For the Fe3O4 and the γ-Fe2O3, we also examined two different particle sizes for 

ammonia formation. Smaller size is expected to bring higher catalytic performance, because of 

increased surface area at a given catalyst loading. However, the smaller particle size (5 nm) 

showed lower ammonia productivity, by around 10%−20%, for both Fe3O4 and γ-Fe2O3 than for 

the bigger particle size (25 or 30 nm). It seems there is a “size effect” in those iron-based 

catalysts for ammonia formation, which warrants further investigation. 
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In addition to the difference in the performance of ammonia formation, the ammonia 

productivity of all the iron oxide nanoparticles peaked consistently under a different cathode 

potential: −0.45 V vs. RHE, cf. −0.25 V vs. RHE (for Fe). The negative shift of the cathode 

potential to deliver the peak ammonia productivity further suggests that the metallic iron atoms 

are the more active catalytic sites than iron oxide. 

 Fe (25 nm) results used in catalysts comparisons are the average of five replicates using 

the same catalyst Fe (25 nm) under the same testing conditions. These replicates are discussed in 

detail in Section 4.5 Reproducibility. In this section, we show a representative result of Fe (25 

nm) in Figure 48. Figure 48a shows the ammonia detecting profile, and the ammonia 

concentration peaked at 10 ppm. Figure 48b shows the relation between ammonia productivity 

and cathode potential, the highest NH3 productivity of 35 pmol cm−2 s−1 was reached under 

−0.25 V vs. RHE of cathode potential. Figure 48c and 48d show the current density and faradaic 

efficiency, respectively, along with the cathode potential. In particular, under −0.25 V vs. RHE 

of cathode potential, the current density and the faradaic efficiency from the Fe (25 nm) catalyst 

were −2.0 mA cm−2 and 1.5%, respectively. 
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Figure 48. Cell performance of a representative Fe (25 nm) electrode with HOR anode under 

typical operation condition of 30-30-30 °C as cell-N2-H2 temperature, respectively. (a) NH3 

production profile measured by Tiger analyzer. (b) NH3 productivity along with cathode 

potential. (c) Current density along with cathode potential. (d) Coulombic efficency along with 

cathode potential. The catalysts were deposited on SS-500, with loading around 0.5 mg cm−2 and 

20wt.% ionomer content, used as the cathode. 20% Pt/C on OCC, with loading around 0.5 mg 

cm−2 and 20wt.% ionomer content, used as the anode. The effective area of electrodes is around 

20 cm2. FAA-3-75 in OH− was used as the alkaline membrane. The temperature of the cell and 

two humidifiers temperautres were set at 30 °C. Ultra-pure N2 and ultra-pure H2 (99.999%) for 

cathode and anode, respectively, at the same flow of 0.1 L min−1 for both gases. Constant 

voltages were applied for each data point for 5 minutes from 0 V to −0.2 V and 10 minutes from 

−0.25 V to −0.5 V. 
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4.4 Size Impact of Iron Catalyst 

As we observed in previous section, the size of nanoparticles matters, at least to certain 

extent, for the ammonia formation. Many metallic iron catalysts with different sizes are 

commercially available, and we have studied the size effect of metallic iron nanoparticles on the 

cell performance. Table 30 shows the results of five metallic iron catalysts with the average 

particle size ranging from 25 nm to 800 nm. Each size of catalyst has varying number of 

replicates shown in the parenthesis following the size. 

 

TABLE 30 

THE SIZE IMPACT OF FE CATALYST (FE 25-800 NM) ON AMMONIA FORMATION 

UNDER THE SAME TEST CONDITIONSf 30-30-30 °C AS CELL-N2-H2 TEMPERATURE 

SIZE 

(# of replicates) 

OCVb 

(V) 

Rc 

(Ω cm2) 

I−0.25V
d 

(mA/cm2) 

I−0.50V
e 

(mA/cm2) 

CNH3
f 

(ppm) 

rNH3
g
 

(pmolNH3/cm2 s) 

Λh 

(%) 

~15 nma (3) 0.67 1.94 1.50 11.93 11.4 42.4 1.70 

25 nm (5) 0.69 1.67 1.13 12.66 8.2 30.7 1.61 

40 nm (4) 0.72 2.25 1.57 12.56 7.0 26.1 0.99 

70 nm (3) 0.65 2.18 1.22 15.19 7.2 26.6 1.25 

800 nm (1) 0.46 2.00 0.78 11.33 2.2 8.2 0.61 

[a] ≈15 nm: Estimated based on TEM images for Fe (100 nm) catalyst 

[b] OCV: Open circuit voltage 

[c] R: Cell resistance 

[d] I−0.25V: Current density at –0.25 V vs. RHE 

[e] I−0.50V: Current density at –0.50 V vs. RHE 

[f] CNH3: Ammonia concentration 

[g] rNH3: Ammonia productivity 

[h] Λ: Faradaic efficiency 

[f] The catalysts were deposited on SS-500, with loading around 0.5 mg cm−2 and 20wt.% 

ionomer content, used as the cathode. 20% Pt/C on OCC, with loading around 0.5 mg cm−2 and 

20wt.% ionomer content, used as the anode. The effective area of electrodes is around 20 cm2. 

FAA-3-75 in OH− was used as the alkaline membrane. The temperature of the cell and two 

humidifiers temperautres were set at 30 °C. Ultra-pure N2 and ultra-pure H2 (99.999%) for 

cathode and anode, respectively, at the same flow of 0.1 L min−1 for both gases. Constant 

voltages were applied for each data point for 5 minutes from 0 V to −0.2 V and 10 minutes from 

−0.25 V to −0.5 V. 
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Among all Fe nanoparticles with different sizes, the Fe nanoparticle marked with 100 nm 

(by the vendor) showed the highest ammonia productivity of 42.4 pmolNH3 cm−2 s−1 as well as 

the highest faradaic efficiency of 1.70%. However, the performance trend clearly shows that the 

smaller size delivered higher ammonia productivity, except for the Fe nanoparticle marked with 

100 nm of the size. TEM images were taken for the commercial Fe (100 nm) catalyst to examine 

the true particle size and the result clearly showed the actual size of Fe nanoparticles is around 

15 nm. Because of our confirmation on the true particle size, we marked true size (~15 nm) in 

the Table 30. As such, the performance trend in Table 30 now is very consistent, without the 

exception. By contrast, the ammonia productivity of Fe nanoparticle with 800 nm is only 19% 

that of the Fe nanoparticle with 15 nm. This observation is quite anticipated, since the smaller 

particle size will provide more surface area for electrochemical reaction at the same catalyst 

loading.  

Figure 49a shows the ammonia detecting profile of the Fe catalyst (15 nm), and the 

ammonia concentration peaked at around 12 ppm. Figure 49b shows the highest ammonia 

productivity of 42.4 pmol cm−2 s−1 under −0.25 V vs. RHE of cathode potential. Figure 49c and d 

show the current density and the faradaic efficiency, respectively, along with the cathode 

potential. In particular, under −0.25 V vs. RHE of cathode potential, the current density was 

11.93 mA cm−2, and the faradaic efficiency was 1.70%.  
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Figure 49. Cell performance of a typical Fe (~ 15 nm) electrode with HOR anode under typical 

operation condition of 30-30-30 °C as cell-N2-H2 temperature, respectively. (a) NH3 production 

profile measured by Tiger analyzer. (b) NH3 productivity along with cathode potential. (c) 

Current density along with cathode potential. (d) Coulombic efficency along with cathode 

potential. The catalysts were deposited on SS-500, with loading around 0.5 mg cm−2 and 20wt.% 

ionomer content, used as the cathode. 20% Pt/C on OCC, with loading around 0.5 mg cm−2 and 

20wt.% ionomer content, used as the anode. The effective area of electrodes is around 20 cm2. 

FAA-3-75 in OH− was used as the alkaline membrane. The temperature of the cell and two 

humidifiers temperautres were set at 30 °C. Ultra-pure N2 and ultra-pure H2 (99.999%) for 

cathode and anode, respectively, at the same flow of 0.1 L min−1 for both gases. Constant 

voltages were applied for each data point for 5 minutes from 0 V to −0.2 V and 10 minutes from 

−0.25 V to −0.5 V. 
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4.5 Reproducibility 

Table 31 shows the summary of testing five cell replicates with the same Fe (25 nm). In 

particular, under –0.25 V vs. RHE of cathode potential, the standard deviation was 14.6% for 

ammonia productivity,14.9% for current density, and 24.0% for faradaic efficiency. 

Considering the fact that our MEA testing is a complex of multi-component (cathode, anode, 

membrane, etc.) with multi-procedure (electrode preparation, ink preparation, MEA assembly, 

etc.), those deviations are sufficiently small. 

TABLE 31 

STATISTICAL ANALYSIS OF FIVE REPLICATES OF THE CATALYST (FE 25 NM) 

UNDER THE SAME TEST CONDITIONSf 30-30-30 °C AS CELL-N2-H2 TEMPERATURE 

TEST 
OCVa 

(V) 

Rb 

(Ω cm2) 

I−0.25V
c 

(mA/cm2) 

I−0.50V
d 

(mA/cm2) 

CNH3
e 

(ppm) 

rNH3
f
 

(pmolNH3/cm2 s) 

Λg 

(%) 

#1 0.75 1.52 1.31 14.03 7.6 28.3 1.25 

#2 0.70 1.62 0.98 15.18 8.7 32.4 1 91 

#3 0.60 1.24 1.25 17.47 6.6 24.6 1.14 

#4 0.75 1.56 1.20 8.47 9.8 36.5 1.76 

#5 0.66 2.40 0.93 8.13 8.5 31.6 1.97 

Average 0.69 1.67 1.3 12.66 8.2 30.7 1.61 

Deviation 0.06 0.43 0.17 4.17 1.2 4.5 0.39 

Deviation (%) 9.2 26.0 14.9 32.9 14.6 14.6 24.0 

[a] OCV: Open circuit voltage 

[b] R: Cell resistance 

[c] I−0.25V: Current density at –0.25 V vs. RHE 

[d] I−0.50V: Current density at –0.50 V vs. RHE 

[e] CNH3: Ammonia concentration 

[f] rNH3: Ammonia productivity 

[g] Λ: Faradaic efficiency 

[h] The catalysts were deposited on SS-500, with loading around 0.5 mg cm−2 and 20wt.% 

ionomer content, used as the cathode. 20% Pt/C on OCC, with loading around 0.5 mg cm−2 and 

20wt.% ionomer content, used as the anode. The effective area of electrodes is around 20 cm2. 

FAA-3-75 in OH− was used as the alkaline membrane. The temperature of the cell and two 

humidifiers temperautres were set at 30 °C. Ultra-pure N2 and ultra-pure H2 (99.999%) for 

cathode and anode, respectively, at the same flow of 0.1 L min−1 for both gases. Constant 

voltages were applied for each data point for 5 minutes from 0 V to −0.2 V and 10 minutes from 

−0.25 V to −0.5 V. 
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4.6 Conclusion 

 (a) Eight chosen pristine metals (Fe, Ru, Mo, Co, Ni, Pt, Rh, and Pd) were observed to 

fall within two groups of cathode catalysts for ammonia formation, depending on the cathode 

potential that delivers the peak ammonia productivity. The first group (Fe, Ru, Mo, and Co) had 

their peak ammonia productivity under −0.20~−0.25 V vs. RHE of cathode potential. The peak 

ammonia productivity follows the descending trend: Co, Fe, Ru, and Mo with 41.0, 30.7, 5.2, 

and 1.5 pmolNH3 cm−2 s−1, respectively. The faradaic efficiency follows a slightly different trend: 

Co, Fe, Mo, and Ru with 1.3%, 1.6%, 0.66%, and 0.013%, respectively. 

(b) The second group (Ni, Pt, Rh, and Pd) was under −0.05 V vs. RHE of cathode 

potential to deliver the peak ammonia productivity. The peak ammonia productivity follows the 

descending trend: Pd, Pt, Rh, and Ni with 46.5, 6.0, 3.4, and 0.4 pmolNH3 cm−2 s−1, respectively. 

The faradaic efficiency in the second group also follows a different trend: Pd, Rh, Ni, and Pt with 

1.4%, 0.20%, 0.081%, and 0.066%, respectively. 

 (c) The comprehensive study showed that γ-Fe2O3 and Fe3O4 were significantly more 

active towards ammonia productivity than α-Fe2O3 and Fe (OH)3. All tested iron oxide catalysts 

delivered lower ammonia productivity and faradaic efficiency and required more negative 

cathode potential than the metallic iron. Having almost the same particle size (25−30 nm), the 

ammonia productivity follows the descending trend: Fe, Fe3O4, γ-Fe2O3, and α-Fe2O3 with 30.7, 

29.4, 26.4, and 1.5 pmol cm−2 s−1, respectively. The faradaic efficiency follows the same trend: 

Fe, Fe3O4, γ-Fe2O3, and α-Fe2O3 with 1.6%, 0.31%, 0.16%, and 0.025%, respectively. Fe(OH)3 

showed very low performance towards ammonia formation with 1.1 pmol cm−2 s−1 of ammonia 

productivity and 0.015% of faradaic efficiency. 
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 (d) A strong size effect was observed on the metallic iron catalyst: the smaller particle 

size leads to the increased ammonia productivity. The Fe nanoparticle with 15 nm of average 

particle size delivered the highest ammonia productivity of 42.4 pmol cm−2 s−1 and the highest 

faradaic efficiency of 1.70%. At the same time, the current density was −1.50 mA/cm2 under 

−0.25 V vs. RHE of cathode potential. By contrast, the ammonia productivity of Fe nanoparticle 

with 800 nm is only 19% that of the Fe nanoparticle with 15 nm. 

(e) The reproducibility study on the same Fe catalyst (25 nm) with five replicates showed 

fairly low standard deviations: 14.6% for ammonia productivity,14.9% for current density, and 

24.0% for faradaic efficiency, under –0.25 V vs. RHE of cathode potential. Considering the fact 

that our MEA testing is a complex of multi-component (cathode, anode, membrane, etc.) with 

multi-procedure (electrode preparation, ink preparation, MEA assembly, etc.), those deviations 

are sufficiently small. 
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CHAPTER 5 

WATER SUPPLY AT ELECTRODES 

In this chapter, the impact of relative humidity on cell performance was investigated. We 

performed two sets of experiments to explore the impact of relative humidity on the cell 

performance, and the results were very encouraging. 

 

5.1 Symmetric water supply between the cathode and the anode 

The testing station has the ability to control individual temperature on the cell, the 

cathode humidifier, and the anode humidifier. The first set of experiment was to study the 

symmetric water supply between the cathode and the anode. The water supply was 

symmetrically controlled between the cathode and the anode by setting the same temperature on 

both gas humidifiers and the same flow rate of both feed gases. Ideally, the water supply ought to 

be controlled by changing the temperature of both gas humidifiers with the fixed cell 

temperature. However, the cell temperature in our study is around 30 °C, which does not allow 

much room to decrease the water supply (the minimum relative humidity would be around 75%: 

25 °C of humidifier against 30 °C of cell). We decided to control water supply (relative humidity 

at electrodes) by moderately changing the temperature (from 30 to 45 °C) of the cell with the 

fixed humidifier temperatures (30 °C), so that we can extend the range of relative humidity down 

to 44% (30 °C of humidifier against 45 °C of cell). 

For investigating the impact of water supply, the same catalyst was used and the same 

testing condition was applied for all cases. Specifically, Fe (25 nm) was used as cathode catalyst 

and loaded on SS-500 with the loading of 0.5 mg cm−2 and 20wt.% of ionomer content. 20% 

Pt/C was used as anode catalyst on OCC substrate with 0.5 mg cm−2 and 20wt.% of ionomer 
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content. The effective area of electrodes is around 20 cm2 and FAA-3-75 in OH− was used as an 

alkaline membrane. 30 °C was set for both humidifiers and ultra-pure N2 and H2 gases were 

supplied to the cathode and anode, respectively, at the same flow rate of 0.1 L min−1. Constant 

voltages were applied for each data point for 5 minutes from 0 V to −0.2 V and 10 minutes from 

−0.25 V to −0.50 V, during which the electrolytic current was measured and recorded. 

Depending on the different cell temperatures, varying relative humidity was achieved on both 

electrodes: 100%, 87%, 75%, 66%, 58%, and 44%, with cell temperature of 30, 32.5, 35, 37.5, 

40, and 45 °C, respectively. 

Table 32 shows the results, including relative humidity at cathode gas supply (RHc), 

relative humidity at anode gas supply (RHa), open circuit voltage (OCV), cell resistance (R), 

current densities (I−0.25V and I−0.50V) under two typical cathode potentials (−0.25 V and −0.50 V 

vs. RHE), detected ammonia concentration in ppm (CNH3), ammonia productivity (rNH3), and 

faradaic efficiency (Λ). 

 

TABLE 32 

THE IMPACT OF WATER SUPPLY ON AMMONIA FORMATION BY CHANGING CELL 

TEMPERATURE WITH THE SAME CATALYST (FE 25 NM) UNDER THE SAME 

CONDITIONS X-30-30 °C AS CELL-N2-H2 TEMPERATURE 

Ta 

(°C) 

RHc
b

 

(%) 

RHa
c
 

(%) 

OCVd 

(V) 

Re 

(Ω cm2) 

I−0.25V
f 

(mA/cm2) 

I−0.50V
g 

(mA/cm2) 

CNH3
h 

(ppm) 

rNH3
i
 

(pmolNH3/cm2 s) 

Λj 

(%) 

30 100 100 0.69 1.67 1.13 12.66 8.2 30.7 1.6 

32.5 87 87 0.75 1.88 0.89 15.89 8.5 31.6 2.1 

35 75 75 0.55 2.00 1.51 13.81 13.5 50.3 1.9 

37.5 66 66 0.75 2.40 1.02 9.05 6.8 25.3 1.4 

40 58 58 0.70 3.20 2.91 9.27 9.6 35.7 0.71 

45 44 44 0.65 2.40 0.45 1.29 0.4 1.5 0.19 

[a] T: Cell temperature 

[b] RHc: Relative humidity at cathode gas supply 

[c] RHa: Relative humidity at anode gas supply 

[b] OCV: Open circuit voltage 

[c] R: Cell resistance 
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TABLE 32 (continued) 

[d] I−0.25V: Current density at –0.25 V vs. RHE 

[e] I−0.50V: Current density at –0.50 V vs. RHE 

[f] CNH3: Ammonia concentration 

[g] rNH3: Ammonia productivity 

[h] Λ: Faradaic efficiency 

 

As shown in Table 32, the relative humidity at the electrode has obvious effect on the cell 

performance. As expected, cell resistance generally increases with reducing relative humidity, 

because of the dehydration of membrane. It has been well known that the ionic conductivity of 

AEMs strongly depends on the hydration level. Very interestingly, 75% of RH on both 

electrodes leads to substantially higher ammonia productivity than 100% of RH (50.3 vs. 30.7 

pmol cm−2 s−1), or 64% improvement. Our finding confirms that the RH has a considerable 

impact on ammonia production, which has never been reported in literature. The most reasonable 

explanation is that the optimal RH of 75% helps suppress HER and facilitate NRR at the 

cathode. However, RHs lower than 75% will make the membrane too dry, increasing cell 

resistance and lowering ammonia productivity. At 87% of RH, the ammonia production was 

almost the same as the case of 100% of RH (31.6 vs. 30.7 pmol cm−2 s−1), but the faradaic 

efficiency increased to 2.1% from 1.6%. 

 Figure 50 shows the results from the cell with 75% RH on both electrodes. Figure 50a 

shows the ammonia detecting profile, and the ammonia concentration peaked at around 14 ppm. 

Figure 50b shows the ammonia productivity along with the cathode potential, where the highest 

NH3 productivity of 50.3 pmol cm−2 s−1 was reached under −0.25 V vs. RHE of cathode 

potential. Figure 50c and d show the current density and the faradaic efficiency, respectively, 
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along with the cathode potential. In particular, under −0.25 V vs. RHE of cathode potential, the 

current density and the faradaic efficiency were −1.51 mA cm−2 and 1.9%, respectively.  

 

Figure 50. Cell performance of a typical Fe (25 nm) electrode with HOR anode under typical 

operation condition of 35-30-30°C as cell-N2-H2 temperature, respectively. (a) NH3 production 

profile measured by Tiger analyzer. (b) NH3 productivity along with cathode potential. (c) 

Current density along with cathode potential. (d) Coulombic efficency along with cathode 

potential. 
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5.2 Asymmetric water supply between the cathode and the anode 

The second set of experiments was to investigate the impact of the asymmetric RH 

between the cathode and the anode on the ammonia formation. Based on the results we obtained 

from the symmetric RH study, we set both temperature of the cell and the temperature of the 

cathode humidifier as constants (40 °C and 30 °C, respectively), and we changed the temperature 

of anode humidifier for the asymmetric RH study here. We would like to point out that, changing 

the temperature of cathode humidifier may also be used for asymmetric RH control; but the 

Tiger analyzer does not allow us to use high-humidity gas for detection. Note that some cases 

have RHs higher than 100%, which means the water supply is more than saturation, and the 

water vapor may condense.  

The results of the second set of experiments are shown in Table 33. Cell conditions and 

operating methods were the same as Table 32. Generally, the current density (under −0.50 vs. 

RHE) increased with raising the RH at the anode, due to the improving cell hydration. The cell 

resistance did not show a clear trend along with raising the RH at the anode, which implies the 

complication of the asymmetric RH at both electrodes. The asymmetric RH has obvious impact 

on the ammonia formation: the combination of 213% of RHa & 58% of RHc delivered the 

highest ammonia productivity: 70.6 pmol cm−2 s−1, which is 2.3 times that of the cell with 58% 

RH symmetric at both electrodes (30.7 pmol cm−2 s−1), or 1.4 times that of the cell with 75% RH 

symmetric at both electrodes (50.3 pmol cm−2 s−1). 

The results obtained from the asymmetric water supply further confirmed the importance 

of the water balance towards ammonia formation. Compared with the symmetric scenario, the 

asymmetric water supply provides more accurate balance at the cathode, resulting in 

substantially increased ammonia productivity. Our finding calls for the future research in 



 

99 

 

comprehensively investigating the RH on the electrolytic cell, especially at elevated cell 

temperatures. 

 

TABLE 33 

THE IMPACT OF WATER SUPPLY ON AMMONIA FORMATION BY CHANGING 

ANODE TANK TEMPERATURE WITH THE SAME CATALYST (FE 25 NM) UNDER THE 

SAME CONDITIONS 40-30-X °C AS CELL-N2-H2 TEMPERATURE 

Ta
a 

(°C) 

RHc
b

 

(%) 

RHa
c
 

(%) 

OCVd 

(V) 

Re 

(Ω cm2) 

I−0.25V
f 

(mA/cm2) 

I−0.50V
g 

(mA/cm2) 

CNH3
h 

(ppm) 

rNH3
i
 

(pmolNH3/cm2 s) 

Λj 

(%) 

30 58 58 0.70 3.20 2.91 9.27 9.6 30.7 0.71 

35 58 76 0.77 2.80 0.65 2.05 0.75 2.8 0.25 

40 58 100 0.80 2.60 1.10 5.01 4.5 16.8 0.88 

45 58 130 0.60 1.92 7.48 5.10 6.4 23.8 0.18 

50 58 167 0.75 1.76 2.35 7.98 13.7 51.0 1.26 

55 58 213 0.75 2.18 3.18 15.95 19.0 70.6 0.65 

60 58 270 0.75 2.60 1.79 18.58 6.4 23.8 0.77 

[a] Ta: Anode tank temperature 

[b] RHc: Relative humidity at cathode gas supply 

[c] RHa: Relative humidity at anode gas supply 

[b] OCV: Open circuit voltage 

[c] R: Cell resistance 

[d] I−0.25V: Current density at –0.25 V vs. RHE 

[e] I−0.50V: Current density at –0.50 V vs. RHE 

[f] CNH3: Ammonia concentration 

[g] rNH3: Ammonia productivity 

[h] Λ: Faradaic efficiency 

  

 Figure 51 shows the results from the cell with the combination of 213% of RHa & 58% of 

RHc. Figure 51a shows the ammonia detecting profile, and the ammonia concentration peaked at 

19 ppm. Figure 51b shows the relation between ammonia productivity and cathode potential, 

where the highest ammonia productivity of 70.6 pmol cm−2 s−1 was reached at −0.25 V vs. RHE 

of cathode potential. Figure 51c and d show the current density and the faradaic efficiency, 

respectively, along with the cathode potential. In particular, under −0.25 V vs. RHE of cathode 
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potential, the current density and the faradaic efficiency were 3.18 mA cm−2 and 0.65%, 

respectively.  

 

 

Figure 51. Cell performance of a typical Fe (25 nm) electrode with HOR anode under typical 

operation condition of 40-30-55°C as cell-N2-H2 temperature, respectively. (a) NH3 production 

profile measured by Tiger analyzer. (b) NH3 productivity along with cathode potential. (c) 

Current density along with cathode potential. (d) Coulombic efficency along with cathode 

potential 
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5.2 Conclusion 

 (a) The symmetric RH study showed that 75% of RH on both electrodes leads to 

substantially higher ammonia productivity than 100% of RH (50.3 vs. 30.7 pmol cm−2 s−1), or 

64% improvement. Our finding confirms that the RH has a considerable impact on ammonia 

production, which has never been reported in literature. The most reasonable explanation is that 

the optimal RH of 75% helps suppress HER and facilitate NRR at the cathode. 

 (b) The results obtained from the asymmetric water supply further confirmed the 

importance of the water balance towards ammonia formation. The asymmetric RH has obvious 

impact on the ammonia formation: the combination of 213% of RHa & 58% of RHc delivered the 

highest ammonia productivity: 70.6 pmol cm−2 s−1, which is 2.3 times that of the cell with 58% 

RH symmetric at both electrodes (30.7 pmol cm−2 s−1), or 1.4 times that of the cell with 75% RH 

symmetric at both electrodes (50.3 pmol cm−2 s−1). Compared with the symmetric scenario, the 

asymmetric water supply provides more accurate balance at the cathode, resulting in 

substantially increased ammonia productivity. Our finding calls for the future research in 

comprehensively investigating the RH on the electrolytic cell, especially at elevated cell 

temperatures. 
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CHAPTER 6 

CONCLUSIONS 

(a) The on-off cycling experiment confirmed that ammonia production is driven by 

electrical potential in the AEM based ammonia electrosynthesis. It was observed that ammonia 

productivity at the Fe-coated SSC substrate as the cathode peaked consistently −0.4 V vs. RHE 

of cathode potential with the HOR anode, and at −2.0 V of cell voltage with the OER anode. 

(b) Electrode substrates showed significant impacts on both current density and ammonia 

productivity. The obtained current density follows the descending trend: OCP, LCC, OCC, and 

SSC substrate: −72.25, −54.67, −35.26, and −19.95 mA/cm2, respectively, under −0.5 V vs. 

RHE. The trend of current density is consistent with the order of the surface roughness of the 

electrode substrates: the higher surface roughness leads to the larger current density. The 

observed peak ammonia productivity follows the descending trend: SSC, LCC, OCP, and OCC 

substrate: 9.75, 1.0, 0.25, and 0.125 pmol cm−2 s−1, respectively. The trend of ammonia 

productivity is in line with the hydrophilicity of electrode substrates: the higher hydrophilicity 

leads to higher ammonia productivity. 

(c) Compared with LCC, OCP, and OCC substrates, the SSC substrate exhibited the 

highest faradic efficiency of 0.04% (at the current density of −7.5 mA/cm2 under cathode 

potential of −0.4 V vs. RHE), followed by the OCP substrate: 0.0002% of faradaic efficiency 

(−145 mA/cm2, −0.8 V vs. RHE); and the OCP substrate: 0.00004% of faradaic efficiency (−203 

mA/cm2, −0.9 V vs. RHE). The OCC substrate did not electrochemically produce meaningful 

ammonia.  

(d) Eight chosen pristine metals (Fe, Ru, Mo, Co, Ni, Pt, Rh, and Pd) were observed to 

fall within two groups of cathode catalysts for ammonia formation, depending on the cathode 
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potential that delivers the peak ammonia productivity. The first group (Fe, Ru, Mo, and Co) had 

their peak ammonia productivity under −0.20~−0.25 V vs. RHE of cathode potential. The peak 

ammonia productivity follows the descending trend: Co, Fe, Ru, and Mo with 41.0, 30.7, 5.2, 

and 1.5 pmolNH3 cm−2 s−1, respectively. The faradaic efficiency follows a slightly different trend: 

Co, Fe, Mo, and Ru with 1.3%, 1.6%, 0.66%, and 0.013%, respectively. 

(e) The second group (Ni, Pt, Rh, and Pd) was under −0.05 V vs. RHE of cathode 

potential to deliver the peak ammonia productivity. The peak ammonia productivity follows the 

descending trend: Pd, Pt, Rh, and Ni with 46.5, 6.0, 3.4, and 0.4 pmolNH3 cm−2 s−1, respectively. 

The faradaic efficiency in the second group also follows a different trend: Pd, Rh, Ni, and Pt with 

1.4%, 0.20%, 0.081%, and 0.066%, respectively. 

 (f) The comprehensive study showed that γ-Fe2O3 and Fe3O4 were significantly more 

active towards ammonia productivity than α-Fe2O3 and Fe(OH)3. All tested iron oxide catalysts 

delivered lower ammonia productivity and faradaic efficiency and required more negative 

cathode potential than the metallic iron. Having almost the same particle size (25−30 nm), the 

ammonia productivity follows the descending trend: Fe, Fe3O4, γ-Fe2O3, and α-Fe2O3 with 30.7, 

29.4, 26.4, and 1.5 pmol cm−2 s−1, respectively. The faradaic efficiency follows the same trend: 

Fe, Fe3O4, γ-Fe2O3, and α-Fe2O3 with 1.6%, 0.31%, 0.16%, and 0.025%, respectively. Fe(OH)3 

showed very low performance towards ammonia formation with 1.1 pmol cm−2 s−1 of ammonia 

productivity and 0.015% of faradaic efficiency. 

 (g) A strong size effect was observed on the metallic iron catalyst: the smaller particle 

size leads to the increased ammonia productivity. The Fe nanoparticle with 15 nm of average 

particle size delivered the highest ammonia productivity of 42.4 pmol cm−2 s−1 and the highest 

faradaic efficiency of 1.70%. At the same time, the current density was −1.50 mA/cm2 under 



 

104 

 

−0.25 V vs. RHE of cathode potential. By contrast, the ammonia productivity of Fe nanoparticle 

with 800 nm is only 19% that of the Fe nanoparticle with 15 nm. 

(h) The reproducibility study on the same Fe catalyst (25 nm) with five replicates showed 

fairly low standard deviations: 14.6% for ammonia productivity,14.9% for current density, and 

24.0% for faradaic efficiency, under –0.25 V vs. RHE of cathode potential. Considering the fact 

that our MEA testing is a complex of multi-component (cathode, anode, membrane, etc.) with 

multi-procedure (electrode preparation, ink preparation, MEA assembly, etc.), those deviations 

are sufficiently small. 

 (i) The symmetric RH study showed that 75% of RH on both electrodes leads to 

substantially higher ammonia productivity than 100% of RH (50.3 vs. 30.7 pmol cm−2 s−1), or 

64% improvement. Our finding confirms that the RH has a considerable impact on ammonia 

production, which has never been reported in literature. The most reasonable explanation is that 

the optimal RH of 75% helps suppress HER and facilitate NRR at the cathode. 

 (j) The results obtained from the asymmetric water supply further confirmed the 

importance of the water balance towards ammonia formation. The asymmetric RH has obvious 

impact on the ammonia formation: the combination of 213% of RHa & 58% of RHc delivered the 

highest ammonia productivity: 70.6 pmol cm−2 s−1, which is 2.3 times that of the cell with 58% 

RH symmetric at both electrodes (30.7 pmol cm−2 s−1), or 1.4 times that of the cell with 75% RH 

symmetric at both electrodes (50.3 pmol cm−2 s−1). Compared with the symmetric scenario, the 

asymmetric water supply provides more accurate balance at the cathode, resulting in 

substantially increased ammonia productivity. Our finding calls for the future research in 

comprehensively investigating the RH on the electrolytic cell, especially at elevated cell 

temperatures. 
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 (k) Table 34 shows comparison between this work and the literature review for this 

category which is hydroxide-conducting polymer electrolyte. This comparison showed that we 

had reached the highest ammonia productivity with 70.6 pmol cm−2 s−1 and the second highest 

faradaic efficiency with 2.86%. 

 

TABLE 34 

COMPARISON BETWEEN OUR WORK AND REPORTED RESULTS IN 

HYDROXIDE-CONDUCTING POLYMER ELECTROLYTE 

ELECTROLYTE + 

CATHODE CATALYST 

rNH3
a 

(mol s−1 cm−2) 

Λb 

(%) 

Tc 

(°C) 

Pd 

(barg) 
Refe 

FAA-3-75 + Fe 7.06E−11 0.65 40 0 This work 

Polymer gel + Pt 4.00E−11 0.11 30 1.4 [110] 

FAA-3-75 + Fe 3.35E−11 2.86 30 0 This work 

FAAM-40 + Pt/C 1.96E−11 0.18 25 0 [111] 

AEM + Fe 3.80E−12 41 50 0 [108] 

FAAM-PK-75 + Ir/C 4.30E−13 0.02 80 0 [109] 

FAA-3 + γ-Fe2O3 4.60E−16 0.044 65 0 [97] 

[a] rNH3: Ammonia productivity 

[b] Λ: Faradaic efficiency 

[c] T: Temperature 

[d] P: Pressure 

[e] Ref: References 
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CHAPTER 7 

FUTURE RESEARCH 

 The impact of the water supply on ammonia formation warrants in-depth study in future 

research, especially for the water supply to the cathode. Due to the limitation of our ammonia 

analyzer (Tiger 2000), the water supply to the cathode must be fixed at 30 °C as the temperature 

of the cathode tank. Any higher water supply will compromise the precision of ammonia 

detection, as encountered in our work. An alternative ammonia-detecting methodology should be 

adopted to allow for tuning and thus investigating the water supply to the cathode. Furthermore, 

the exact underlying reason for the observed impact from water supply also calls for future 

research.  

Other promising groups of cathode catalysts can also be studied, including metal alloys 

and metal hydroxides. In addition, the carbon supported catalysts may be examined, since carbon 

support can effectively extend the availability of catalyst surface which might improve ammonia 

productivity. 

 Although we have observed ammonia formation with concrete results, the original source 

of ammonia should be checked in the future when the needed resources are secured. We need to 

point out that it is not impossible that the produced ammonia might come from other nitrogen-

containing sources, other than the nitrogen gas. Isotope labeling on nitrogen element seems to be 

a good methodology to confirm the original source of ammonia formed. However, the isotope 

labeling experimental is too costly for us, and we were not able to perform it. In addition, we did 

run the argon experiment, but we observed high amount of impurity from our argon gas we used. 

It appears that some nitrogen-containing species (e.g., NO or NO2) are not controlled by the 

manufacturer of the argon gas we used. In order to run reliable argon experiment, either ultra-
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pure argon that is free of any nitrogen-containing species or a method that can scrub those 

nitrogen-containing species from argon gas should be employed in the future research.  
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