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Preface
Satisfying global energy needs in an environmentally friendly manner by harvesting 
renewable energy sources is a grand challenge that we face today and has become 
increasingly urgent. As renewable energy sources are either intermittent in nature or 
remote in location, there is a need to develop cost-effective and sustainable methods 
of storing and transporting this energy on an industrial scale. Currently, the chemical 
industry heavily relies on fossil feedstock as energy sources. As the cost of renew-
ably derived electricity continues to decrease, electrically driven approaches are a 
promising technique for the synthesis of fuels and high-value chemicals in a clean, 
sustainable, and distributed manner. Electrosynthesis enables the use of renewable 
electricity to convert low energy molecules (e.g., H2O, N2) to value-added molecules 
(e.g., H2, NH3) that can be utilized as either fuel, energy storers, or chemicals.

This book will cover the synthesis of novel hybrid plasmonic nanomaterials and 
their applications in photo-electrochemical systems to convert low energy molecules 
(N2) to high-value-added molecules (NH3). Operando spectroscopy and density 
functional theory (DFT) calculations will be discussed to identify intermediate spe-
cies relevant to the catalytic reactions at the electrode–electrolyte interfaces to pro-
vide insight into the reaction mechanism.

Photoelectrochemical nitrogen reduction reaction (NRR) for ammonia synthesis 
provides an attractive alternative to the long-lasting thermochemical Haber–Bosch 
process, in a clean, sustainable, and decentralized way, if the process is coupled to 
renewably derived electricity sources. Ammonia has a widespread utility as a precur-
sor for making fertilizer. Ammonia also holds great promise as a carbon-neutral liq-
uid fuel for storing intermittent renewable energy sources as well as for power 
generation due to the compound’s high energy density (5.6 MWh ton−1) and hydro-
gen content (17.6 wt.%). Electrification of ammonia synthesis on a large scale 
requires an effective electrocatalyst that converts N2 to NH3 with a high yield and 
efficiency. The selectivity of N2 molecules on the surface of the catalyst has been 
demonstrated to be one of the significant challenges in enhancing the rate of photo-
electrochemical NRR in an aqueous solution under ambient conditions. The rational 
design of electrode–electrolyte and the reactor in the context of photo-electrochemical 
systems is required to overcome the selectivity and activity barrier in the nitrogen 
reduction reaction. A range of topics will be discussed in this book to address a criti-
cal obstacle to achieving the overarching goal of distributed ammonia synthesis.

This book aims to provide an integrated scientific framework to overcome the 
challenges of renewable energy storage and transport. It also contributes to future 
electrification, decarbonization, and sustainability of the modern chemical industry.
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Ammonia
A Multi-Purpose Chemical

1.1 � INTRODUCTION: NANOCATALYSIS USING METALLIC AND 
SEMICONDUCTOR NANOPARTICLES

Nanocatalysis has attracted great attention in the past two decades in homogeneous 
solution-phase colloidal reactions and heterogeneous supported nanoparticle gas-
phase reactions. Nanoparticles are characterized by a high surface-to-volume ratio, 
resulting in increased efficiency in catalysis.1–6 Introducing sharp corners, edges, and 
defect sites to the nanocatalysts further increase their catalytic efficiency.7 Since the 
activity of the nanocatalyst depends on the number of high energy active centers,8 
atoms located at the sharp tips are thermodynamically and catalytically more active 
because they are unsaturated in their chemical valency (i.e., atoms that do not have 
the complete number of bonds that they can chemically accommodate to act as active 
sites than smoother nanoparticles).6,9–11 Sharp tips are prone to be rounded during the 
catalytic reactions. This causes a remarkable decrease in their efficacy. The shape 
change of the particles could be due to leaching or rearrangement of the surface 
atoms.9,12

There are two main categories of nanoparticles: solid and hollow. In nanocatalysis 
by solid nanoparticles, the catalytic reaction happens by involving the atoms from the 
surface of the nanocatalyst, while for hollow nanocatalysts the reaction takes place at 
the outer and/or the inner surfaces of the nanocatalyst. Therefore, the reaction could 
be accelerated in a hollow nanocatalyst due to the higher surface area. Reactions 
using the hollow nanocatalyst could be assisted by several factors. First, the confine-
ment of reactants within the cavity could increase the steady-state concentration of 
the species in the rate-determining step of the reaction, and second, in some cases, the 
inner surface might not be as well capped as the outer surface and thus be more cata-
lytically active. Therefore, the rate of the reaction increases due to the cage effect. 
Since the nanoreactor’s wall thickness is small (a few nanometers), the electron can 
transfer across the wall during catalysis of electron transfer reactions. The 
surface-to-volume ratio of the hollow nanocatalyst is higher than any solid nanocata-
lysts because the surface area of the cavity adds to the nanocatalyst’s outer surface 
area. This is another factor enhancing the catalytic properties of the hollow nanopar-
ticles.13 Although catalysis of nanoparticles has many advantages, some drawbacks 
are associated with the development of this type of nanocatalysts that must be 
addressed. The reshaping of nanocatalysts during catalytic reaction, products deposi-
tion on the nanocatalyst surface, and capping materials on the surface of colloidal 
nanocatalyst could decrease nanocatalyst stability, activity, limit their recyclability, 
affect their Fermi energy, and results in aggregation of nanocatalysts.

1
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The galvanic replacement technique developed by Sun and Xia has allowed the 
synthesis of hollow metallic nanoparticles of various shapes.5 Confinement of react-
ing materials within the hollow nanocatalysts has been demonstrated to enhance the 
catalytic efficiency of various chemical reactions.13–18 This confinement is acquired 
either by designing the nanocatalyst to have a cavity, or by fixing the catalyst on the 
surface of the interior wall of an inert support. Nanocage catalysts made of a single 
metal (e.g., gold, platinum, or palladium) or two metals in a double shell arrange-
ment have shown high catalytic efficiency due to the cage effect.13–15 The idea of cage 
effect in catalysis was supported by comparing the catalytic activity of gold nano-
cages with that of the solid nanocatalysts of similar shapes (Figure 1.1).19,20 To under-
stand the mechanism of catalysis using hollow nanoparticles, two types of hollow 
nanocages with double shells, one with platinum around palladium and the other 
with palladium around platinum, and two single-shelled nanocages of platinum and 
palladium were synthesized.14 The kinetic parameters (i.e., rate constant of the reac-
tion, activation energy, entropy of activation, and frequency factor) of each double-
shelled catalyst were comparable to those of the single-shelled nanocage of the same 
metal as the inside shell, indicating the reactions are taking place within the cavity. 
In addition, during catalysis, using double-shelled hollow nanoparticles with an inner 
surface made of gold plasmonic metal and a non-plasmonic the outer layer of plati-
num, as the reaction proceeded and the dielectric function of the interior gold cavity 
changed, the plasmonic band of the interior gold shell shifted. This strongly sug-
gested that the reaction had taken place primarily in the cavity.15 The cage effect was 
also observed for palladium nanotubes, which showed high catalytic efficiency for 
the Suzuki reaction.17 Additionally, silver oxide prepared in situ on the interior  

FIGURE 1.1  TEM images of single metal and bimetallic nanoparticles consist of Ag, Au, 
Pd, and/or Pt with various shapes. Silver nanocubes (AgNCs), gold nanospheres (AuNSs), 
gold nanocubes (AuNCs), gold-palladium nanocubes (AuPdNCs), hollow gold nanocages 
(AuHNCs), gold nanorods (AuNRs), gold-platinum nanorods (AuPtNRs), and gold-palladium 
nanorods (AuPdNRs) are among others presented here.
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wall of gold nanocages showed high photocatalytic activity for the decomposition of 
an organic dye as the reactive radicals were confined within the gold nanocage cata-
lysts.21 Gold nanoparticles encapsulated in silica nanospheres catalyzed the produc-
tion of hydrogen from formic acid.22 Nanocatalysts fixed on the inner wall of porous 
metal-organic frameworks (MOFs) showed high catalytic activity due to the confine-
ment of the reactant inside the voids present in the structure of the MOFs.23 Polymer 
nanofibers, when used as a support for platinum and ruthenium nanocatalysts, 
showed high catalytic efficiency due to the cage effect.24 Nickel, cobalt, iron, and 
their respective oxides encapsulated inside SiO2 nanoshells effectively catalyzed 
reaction while maintaining thermal stability.25 High electrocatalytic efficiency was 
also observed in hybrid inorganic nanostructures such as ruthenium and Cu2S due to 
their electronic properties.26 The kinetic parameters including the rate constant of the 
reaction, entropy of activation, and frequency factor for a nanocatalytic reaction are 
controlled by the following factors:

	    i)	The concentration of the nanocatalyst and reacting materials.
	 ii)	The number of successful collisions with the surface of the nanocatalyst in the 

rate-determining step.
	 iii)	The electronic structure of the nanocatalyst, including the d-band center, which 

regulates the binding strength of adsorbates with the catalyst surface.
	 iv)	The active surface area of the nanocatalyst and the reaction conditions (e.g., 

temperature and pressure).

Due to the small size of nanocatalysts, which in some cases approach the size of 
the reacting materials, the catalytic mechanisms are not clearly understood. 
Heterogeneous catalysis is possible when the reaction takes place on the surface of 
the nanocatalyst, while a homogeneous mechanism occurs when the catalysis 
proceeds through the formation of a complex between dissolved surface atoms in 
solution. Understanding these mechanisms would be greatly aided by determining 
which species were present on the nanoparticle surface during catalysis. Raman 
spectroscopy presents fingerprint vibrational spectra for molecules. Plasmonic 
nanoparticles can greatly enhance Raman signals through their enhancement of the 
electromagnetic fields of resonant light. This technique, known as surface-enhanced 
Raman spectroscopy (SERS), is sensitive down to the zeptomolar range (10−21).27 
The high sensitivity of SERS has made it possible to use this technique to probe cata-
lytic reaction as it occurs on the surface of the plasmonic nanocatalyst.28,29

1.2 � AMMONIA AS A MEDIUM FOR INTERMITTENT RENEWABLE 
ENERGY STORAGE

Ammonia is one of the most widely produced commodities in the world, with 146 
million tons being produced globally in 2015 with an estimated increase in produc-
tion of 3–5% per year.30,31 Ammonia is used in numerous applications, most notably 
as a vital agrochemical and as a precursor for pharmaceutical products.32 In the 
United States, fertilizer manufacturing represented $18.2 billion in revenue in 2018.33 
Several trends are expected to increase demand for ammonia-based fertilizer in the 



https://www.twirpx.org & http://chemistry-chemists.com

4� Photo-Electrochemical Ammonia Synthesis

short and long term. Crop production and fertilizer demand are positively correlated. 
In the short term, demand for crop production is expected to increase. In the longer 
term, the production of ammonia is expected to grow 65% by 2050, driven by popu-
lation growth. The Agricultural Price Index (API) measures the money farmers earn 
on crop sales. The API was expected to increase in 2018; when income rises, farmers 
spend more on fertilizer. 80% of ammonia produced is used in fertilizer. Nitrogenous 
fertilizer comprises about 40% of the US Fertilizer industry, and mixed fertilizers 
account for another 25%. This equates to around $7.3 billion in ammonia consump-
tion. Three large grain crops (wheat, rice, and corn) consume almost half the fertil-
izer used in agriculture. Approximately 45% of the total fertilizer purchased in the 
US is utilized in the corn industry, and 5.6 million tons of nitrogen fertilizer in 2010.34 
Therefore, the ammonia market for corn farmers should be at least $3.3 billion.

In addition to the compound’s widespread utility, ammonia also holds great prom-
ise as a carbon-neutral liquid fuel for storing intermittent renewable energy sources 
when supply exceeds demand in the grid as well as for power generation due to the 
compound’s high energy density and hydrogen content.35,36 Ammonia can be used 
directly in alkaline fuel cells (AFCs) or indirectly as an H2 source in proton exchange 
membrane fuel cells (PEMFCs). Ammonia can be a substitute for H2 as a combustion 
fuel with superior advantages in terms of energy density, ease of liquefaction, and 
high hydrogen content (for example, the hydrogen content in liquid ammonia is 
17.6% by weight, compared with 12.5% for methanol). The volumetric energy den-
sity of ammonia is 13.6 GJ m−3 (10 atm at 298 K), which is compared with 5.3 GJ m−3 
for hydrogen at 700 bar pressure.37 Thus, sustainable nitrogen fixation lies at the 
nexus of food and energy chemistry (Figure 1.2). Conventional ammonia synthesis 
mainly relies on the Haber–Bosch process, which converts N2 and H2 to NH3 at high 
operating pressures (150–250 bar) and temperatures (350–550 °C) over iron-based 
catalysts.30 The extreme condition requirements for this process necessitate high-cost 
demands for centralized infrastructure that should be coupled with the global distri-
bution system. Additionally, this process consumes 3–5% of the global natural gas 
supply, and 60% of global hydrogen production, and emits 450 million metric tons of 
CO2 annually.38

Various technologies could be developed to store surplus renewable electricity 
when supply exceeds demand in the grid in the form of liquid ammonia. The 
dispatchable and transportable ammonia fuel can then be utilized for different energy 
and agriculture sectors.

Although ammonia has been utilized in vehicles for many decades, the develop-
ment of ammonia as an energy carrier was primarily due to its use as a hydrogen 
carrier. Given ammonia’s potential for widespread use as an energy carrier or liquid 
fuel, many direct end-use applications are envisioned for commercialization. To use 
ammonia as a fuel, it is essential to compare the cost of ammonia with other liquid 
fuels such as diesel, LPG, gasoline, and marine fuel bunker (Table 1.1). The interna-
tional price of ammonia has ranged between $250 and $400 per ton of ammonia 
depending upon the input feedstock (e.g., natural gas or coal) with an average price 
of $300 ton−1 NH3, including the transportation costs. As presented in Table 1.1, 
ammonia fuel can be competitive with current carbon-based fuels, assuming the end-
use technologies have similar energy efficiency39. It is important to note that if the 
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carbon tax is included in the current prices (~ $30 per ton of carbon dioxide), then 
green routes for making synthetic fuels can be even more appealing.

Internal combustion engines (ICE) can use ammonia as an alternative fuel. For 
instance, a spark-ignition engine has been tested in South Korea that runs on a hybrid 
fuel containing 70% ammonia and 30% gasoline.40 The use of ammonia fuel has also 
been expanded to compression ignition engines. However, the NOx emission resulting 
from ammonia fuel combustion should be controlled and mitigated by selective 
catalytic reduction technologies. Ammonia is also an attractive marine fuel for the 
shipping industry, which promises to lower the sulfur content of fuels recently 
regulated by the International Maritime Organization. A recent study demonstrated 
that ammonia-fueled marine ICEs have comparable performance and emission 

FIGURE 1.2  Schematic diagram of photo-electrochemical systems for value-added chemi-
cals production with various applications in energy, transportation, and agriculture sectors.

TABLE 1.1
Relative Properties and Costs of Ammonia Compared with Liquid Fossil Fuels

Fuel P (bar)

Density 
(kg m−3) 
(15 °C)

LHV  
(kWh kg−1) 

(25 °C)

LHV  
(MWh m−3) 

(25 °C)
Cost  

(USD kg−1)

Cost  
(USD 

kWh−1)

Ammonia 10 603     5.18 3.12 0.3 0.058
Diesel 1 846 12.1 10.2 1.00 (USA) 0.083
LPG 14 388 12.6 4.89 1.00 (Germany) 0.079
Gasoline 1 736 12.1 8.87 1.81 (Japan) 0.15
Bunker Fuel 1 980 10.8 10.6 0.59 (Global 

average)
0.055

Reprinted with permission from MacFarlane et al.39 Copyright 2020, Elsevier.
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metrics in power generation and NOx emissions to those using diesel fuel.41 The 
European-based Transport and Environment Group has estimated to use ammonia in 
marine applications with the capacity of 1200 TWh year−1 in Europe by 205042 for 
the current EU electricity generation in 2015 of 3200 TWh year−1. Additionally, gen-
erators that can produce and store ammonia can be used as a substitute for diesel 
generators in remote locations for power generation to complement solar and wind 
electricity. The use of ammonia as a supplementary fuel in coal- and gas-fired power 
generators and gas turbines have also been demonstrated in Japan. This would help 
transition such facilities toward lower carbon emissions as soon as competitive tech-
nologies are being developed to produce ammonia at competitive prices.43 This 
would lead to ammonia being used for large-scale renewable energy storage and 
power generation at the grid level.

Ammonia can be utilized directly in ammonia fuel cells or indirectly in hydrogen 
fuel cells. For example, ammonia cracking reactors can produce pure hydrogen, 
which then hydrogen feeds the fuel cell. High temperature (600–900 °C) solid oxide 
fuel cells (SOFCs) can use ammonia to generate electricity without any external 
reformer or cracking reactors.44 In SOFCs, ammonia decomposes to nitrogen and 
hydrogen at high temperatures. The low-temperature alkaline fuel cell is another type 
of direct ammonia fuel cell (DAFC) that can use ammonia with the following anodic 
and cathodic reactions:

	 ammonia oxidation :   4NH3 + 12OH− → 2N2 + 12H2O + 4e−	 (1.1) 

	 oxygen reduction :   O2 + 2H2O + 4e− → 4OH−	 (1.2) 

In both types of direct ammonia fuel cells (SOFCs and DAFCs), there is a poten-
tial for NOx generation; however, in these early-stage technologies, the control of 
NOx emissions should be thoroughly investigated.

1.3 � GLOBAL NITROGEN CYCLE

A transition from an economy dependent on fossil fuels to one based on ammonia 
must consider the environmental impacts caused by the production and use of this 
new fuel. Similar to biogeochemical processes contributing to the global carbon 
cycle, the planetary nitrogen cycle is complex and not entirely well understood. 
Technologies that are being developed for artificial nitrogen fixation processes with 
an enormous impact on lowering CO2 emissions should not create another problem 
of releasing excess NH3 and NOx emissions to the environment. Atmospheric, land-
based, and marine cycles are major pathways for exchanging N2 and the various 
reactive forms of nitrogen (Figure 1.3). The anthropogenic activities for nitrogen 
fixation (e.g., Haber–Bosch process) are shown on the left. The upward arrows show 
re-emissions to the atmosphere by various processes. This diagram indicates that 
anthropogenic nitrogen fixation is equivalent to the natural processes. Ultimately, the 
Earth should manage the cycling and re-emission of extra fixed nitrogen, which has 
been doubled since the invention of the Haber–Bosch process over a century ago. 
A  significant portion of this fixed nitrogen is in the form of “nitrate,” including 
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surface and groundwater nitrate (NO3
−) pollution, eutrophication of freshwater sys-

tems, and massive killing of aquatic organisms in coastal regions that comprise so-
called “dead zones” due to depleted oxygen.45,46 It is vital to thoroughly investigate 
and understand the global nitrogen cycles while studying and developing ammonia 
synthesis technologies.

FIGURE 1.3  The planetary nitrogen cycle. Planetary nitrogen cycles and fluxes in Tg per 
year (BNF, biological nitrogen fixation; H-B, Haber–Bosch nitrogen fixation; GPP, gross pri-
mary productivity). Curved “combustion” arrow shows nitrogen fixation from fossil fuel and 
other combustion process and resultant emissions of NOx. compounds to the atmosphere. 
1  Tg  = 1 teragram = 1 × 106 tonne. Reprinted with permission from MacFarlane et al.39 
Copyright 2020, Elsevier.
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Conventional Methods 
for Nitrogen Fixation

2.1 � INTRODUCTION

The nitrogen cycle is one of the most important biogeochemical cycles on Earth 
because nitrogen is a crucial nutrient for all life forms, including bacteria, plants, and 
humans. Nitrogen is an essential component of nucleic acids, amino acids, vitamins, 
cofactors, and hormones. In nature, various nitrogen-containing species are intercon-
verted on a scale of millions of metric tons per year.45 As nitrogen is a major fertilizer 
component in agriculture, it plays a critical role in food production, responsible for 
sustaining a growing global population.

The atmosphere comprises 78% gaseous nitrogen (N2), a majority of Earth’s 
available nitrogen. N2 must be fixed to its reactive forms (e.g., ammonia), so that it 
can be used by plants and microorganisms. Microorganisms that live in association 
with leguminous plants are responsible for the 120 million metric tons of nitrogen 
fixed through natural processes and become available to the biosphere.30 Nitrogenase, 
the enzyme responsible for catalyzing the six electrons N2 reduction reaction to NH3, 
has been the focus of nitrogen cycle research for a few decades.47–49 Artificial nitro-
gen fixation has complemented biological nitrogen fixation through the Haber–Bosch 
process, which fixes the same amount of N2, nature does each year.50 The industrial 
Haber–Bosch process is responsible for feeding nearly half of the world’s population 
and will become more vital as the population continues to grow.51

2.2 � NATURAL NITROGEN FIXATION

Biological nitrogen fixation occurs naturally in diazotrophic microorganisms through 
the enzyme nitrogenase. Nitrogenase operates at mild conditions (<40 °C, atmo-
spheric pressure) compared with heterogeneous catalysts used in the Haber–Bosch 
process (300–500 °C, >150 bar). The study of this enzyme is of great importance to 
meet the grand challenge of sustainable and efficient ammonia synthesis. Ammonia 
synthesis from dinitrogen by nitrogenase takes place according to the following 
equation under optimal conditions where ATP is adenosine triphosphate, ADP is 
adenosine diphosphate, and Pi is inorganic phosphate:52

	 N2 + 8H+ + 16MgATP + 8e− → 2NH3 + H2 + 16MgADP + 16Pi	 (2.1) 

The reaction involves the obligatory hydrolysis of ATP to release stored chemical 
energy and thermodynamic or kinetic barriers of nitrogen reduction. For every 
molecule of nitrogen reduced, two molecules of ammonia are generated, and protons 
are also reduced to form one molecule of hydrogen. Therefore, 25% of the energy 

2
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consumed results in hydrogen production. In the absence of nitrogen or other 
substrates, nitrogenase promotes the reduction of protons.

Three distinct nitrogenase enzymes with similar characteristics have been found 
where they are distinguished by their metal-centered catalytic cofactors (co): 
FeMo-co, FeFe-co, and VFe-co. The most widely studied and understood nitrogenase 
enzyme contains the FeMo-co, and is known as MoFe nitrogenase. X-ray crystallog-
raphy has given insight into the crystal structure of the MoFe nitrogenase enzyme, 
and a representation of the structure is shown in Figure 2.1a. Nitrogenase consists of 
two multi-subunit proteins, both oxygen-sensitive, with one protein serving as a cata-
lytic domain and the other serving as a reducing domain. The MoFe protein is the 
catalytic protein to which nitrogen binds and is reduced to ammonia. In contrast, the 
second protein, or the Fe protein, hydrolyzes MgATP molecules and transfers elec-
trons to the MoFe protein for catalysis. The basic components of these proteins and 
their functions are presented in Table 2.1. The Fe protein is a homodimer, and each 
subunit in the protein contains a nucleotide binding site for a MgATP molecule and 
two cysteine residues to which the bridging [4Fe4S] cluster binds. The MoFe protein 
is a larger α2β2 tetramer containing two Fe8S7 ‘P clusters’ (one bridging cluster 
between each α and β subunit dimer) and two FeMo cofactors (Fe7MoS9C, located in 
the α subunit). The P cluster plays an exclusive role in transferring electrons originat-
ing from coupled ATP hydrolysis in the Fe protein to the FeMo-co of the MoFe pro-
tein. The electron transfer to each component is shown in Figure 2.1a.

The complete molecular structure of nitrogenase, specifically FeMo-co, has been 
determined by identifying an interstitial carbon atom at the center (Figure 2.1b).53 
Despite this progress, understanding of the electronic structure of the FeMo-co is still 
lacking. Electronic studies suggest that FeMo-co only cycles through one redox 
couple, with one resting stage MN and a one electron-reduced stage MR54. Although 

FIGURE 2.1  Nitrogenase enzyme structure and functions. (a) Diagram of one half of the 
nitrogenase complex and electron transfer. (b) Detailed diagram of the FeMo cofactor and the 
surrounding environment. Reprinted with permission from Foster et al.52
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Moiv was known to be the oxidation state of the molybdenum, recent studies propose 
the reassignment of the oxidation state to Moiii.55 This finding was further comple-
mented by other studies that assign the charges of the iron and molybdenum atoms in 
the FeMo-co so that substrate reactivity with the Fe and Mo atoms in the FeMo-co 
can be better understood.56 Studies have shown that three of the seven iron atoms in 
the FeMo-co (iron atoms labeled Fe1, Fe3, and Fe7 in Figure 2.1b) are relatively 
reduced compared with the remaining four iron atoms. Given this information, a 
FeMo-co with 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, are consistent with 
these observations of the FeMo-co.

With the existence of three types of metal-centered catalytic cofactors (FeMo-co, 
FeFe-co and VFe-co), the specific substrate binding site is still not well understood. 
Concerning the FeMo-co, the involvement of amino acids in the catalytic reaction 
and the spatial positioning (Figure 2.1b) suggests the active site to be the Fe-S face, 
but determining the location and binding mode of dinitrogen within the nitrogenase 
remains a challenge. Despite knowledge of the nitrogenase structure and active site, 
the mechanism of nitrogenase-mediated dinitrogen reduction to ammonia remains 
unsolved. Amino acid substitutions and freeze-quench trapping, however, have 
isolated intermediates in support of draft mechanisms. Lowe and Thorneley devel-
oped an eight-step kinetic model to reduce dinitrogen to ammonia by nitrogenase 
(Figure 2.2). Hoffman et al. proposed a nitrogenase mechanism of N2 activation and 
reduction in agreement with the Lowe–Thorneley kinetic model.48,54 In the Lowe–
Thorneley kinetic model, one proton and one electron bind to the cofactor during 
each stage. This draft mechanism proposes H2 generation to proceed through a reduc-
tive elimination of hydrides producing a highly reduced FeMo-co intermediate stage 
(E4). At stage E4, four protons are bound to the FeMo-co, including two protons that 
are bound to two iron atoms each (Fe–H–Fe). At this stage, N2 can bind to the 
FeMo-co, and the dinitrogen triple bond can be split.

Multiple computational studies have also proposed possible mechanisms for dini-
trogen reduction. Varley et al.57 developed a model that uses density functional theory 

TABLE 2.1
Basic Components and Functions of the Nitrogenase Enzyme

Protein Domain Function

Fe protein homodimer 
(~66 kDa)

Fe4S4, F cluster
Nucleotide binding sites

Facilitates hydrolysis of MgATP and 
electron transfer to the MoFe protein

Facilitates binding of MgATP
MoFe protein α2β2 
tetramer (~240 kDa)

FeMo-co clusters
Fe8S7, P clusters

Catalyzes reduction of nitrogen to ammonia, 
buried to prevent access to H2O and improve 
nitrogen selectivity over hydrogen evolution

Responsible for transferring electrons to the 
FeMo-co from the Fe4S4 cluster of the Fe 
protein

Reprinted with permission from Foster et al.52
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(DFT) calculations to explain how belt-sulfur atoms dissociate as H2S (S2B sulfur, 
Figure 2.1b) from the FeMo-co reveal the reactive Fe sites. The work was based on 
structural experiments supporting the displacement of a belt-sulfur atom by CO.58 
According to the model, this step is critical to the initiation of the N2 reduction pro-
cess. The subsequent re-sealing of the active Fe site by H2S re-absorption, required 
to desorb the second NH3 product, releases H2, which can account for the requisite 
H2 produced per reduced N2 by nitrogenase in the Lowe–Thorneley kinetic model.58 
Mechanisms determined in additional studies highlight the vital role the interstitial 
carbon and protein environment play in initiating the dinitrogen reduction 
process.59

Studying the nitrogenase structure and developing molecular catalysts has allowed 
a deeper understanding of the structural environment for efficient N2 reduction to 
NH3. The nitrogenase structure has primarily utilized amino acid substitutions to 
control the enzyme catalytic environment, allowing the study of the substrate and the 
intermediates for ammonia production. Homogeneous catalysis has paved the way to 
develop and understand ligand systems and molecular catalyst structures for ammonia 
synthesis. These findings from the nitrogenous and molecular catalysts must be 
supplemented with mechanistic insights to design heterogeneous catalysts for nitro-
gen reduction reaction rationally.

2.3 � THERMOCATALYTIC PROCESS

In 1909, Fritz Haber and Carl Bosch developed an artificial nitrogen fixation process 
called the Haber–Bosch process. This process enabled the production of ammonia 
and the transformation of our society and lives through this revolutionary invention. 
Since then, ammonia has been used extensively in making fertilizers, which is 
responsible for increasing the population from two to more than seven billion people 
during the last century. The global production of ammonia is approximately 
150 million metric tons and is projected to increase between 2–3% per year.60 The 
use of ammonia as long-term energy storage (e.g., months) can be considered an 
attractive alternative to short-term storage (e.g., batteries). By storing renewable 
energy in the ammonia chemical bonds, energy can be delivered to end-users by  

FIGURE 2.2  Single electron-proton transfer model for nitrogenase-mediated nitrogen fixa-
tion. Simplified representation of the Lowe–Thorneley kinetic scheme for dinitrogen reduc-
tion.48 The full mechanistic model also features N2 binding at E3. Reprinted with permission 
from Foster et al.52



https://www.twirpx.org & http://chemistry-chemists.com

Conventional Methods for Nitrogen Fixation� 13

on-demand hydrogen production from ammonia (17.6 wt% hydrogen) combined 
with fuel cells.

Despite an enormous impact and potential of ammonia as fuel and fertilizer, pro-
duction of ammonia through the Haber–Bosch process (>96% of ammonia is cur-
rently produced through this route) using fossil fuels as feedstock (e.g., natural gas, 
coal, oil) results in negative impacts on sustainability and carbon-free society. The 
Haber–Bosch process is currently one of the largest global energy consumers (>1% 
global energy consumption) and greenhouse gas emitters (1.2% of the global CO2 
emission). It is important to note that the optimization of the process has been con-
ducted, assuming fossil fuels as the only viable energy source. Therefore, most efforts 
have focused on improving hydrogen production efficiency through the steam meth-
ane reforming (SMR) process (CH H O CO H H kJ molK

o
4 2 2 298

13 206 2� � � � �, .� ), 
and the process is not optimized to reduce carbon emissions. There are technical 
challenges that must be addressed to develop and deploy a new chemical process for 
ammonia synthesis with increased efficiencies and a remarkable decrease in CO2 
emissions. For example, if i) the Haber–Bosch process is decoupled from the SMR 
process, ii) electric compressors replace condensing steam turbine compressors, and 
iii) alternative ammonia separation techniques are utilized to decrease the operating 
pressure, then a new process allows the adoption of ammonia synthesis process for 
small-scale production, which is in agreement with the intermittency and isolation of 
renewable energy sources (e.g., solar and wind). This will also help the widespread 
utilization of ammonia in the energy storage sector.

A modern ammonia synthesis based on the Haber–Bosch process can be separated 
into two steps (Figure 2.3a):61 the first step is hydrogen production during the SMR 
process. The second process is ammonia synthesis by the Haber–Bosch reactor. 
Hydrogen is produced by primary and secondary SMR reactors, followed by a two-
stage water-gas shift reactor, CO2 removal, and methanation. The first SMR reactor 
operates at around 850–900 °C and 25–35 bar, and the combustion of methane fuel 
provides the energy required for this endothermic process through furnace tubes that run 
through the catalyst bed. In the second SMR reactor, the air is compressed and fed to the 
reactor to supply the heat of reaction at 900–1000 °C. The SMR outlet mixture of carbon 
monoxide (CO), hydrogen (H2), steam, and methane are introduced into the two-stage 
water-gas shift (WGS) reactor to enhance the production of H2 according to Equation 2.2:

	 CO H O CO H H kJ molK
o� � � � � �

2 2 2 298
141 2� . 	 (2.2) 

A methanation reaction occurs at the end of the process to convert any remaining 
CO to methane to prevent the Haber–Bosch catalyst poisoning. Overall the SMR 
process is endothermic, but the high-temperature requirement for the reaction and the 
cooling need for the WGS reaction results in substantial heat loss, which is further 
used to generate high-pressure steam in turbines. The ammonia production stage 
consists of the Haber–Bosch reactor where hydrogen and nitrogen react at 150–250 
bar and 400–500 °C using an iron-based catalyst according to Equation 2.3:

	

1
2

3
2

2 2 3N H NH� �
	

(2.3)
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FIGURE 2.3  Schematic diagram of (a) a typical conventional methane-fed Haber–Bosch process and (b) an electrically powered alternative. Hydrogen 
and ammonia production stages are separated for illustration purposes to identify similitudes and differences between both technologies. Yellow lines 
are process gas, dark blue lines are water/steam, light blue lines are air, purple lines are ammonia, and dashed lines are electricity. Reprinted with permis-
sion from Smith et al.61
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This reaction is exothermic �� �H kJ mol G kJ molK
o

K
o

298
1

298
145 9 16 4� � � �� �. , . ,

Keq = 750), and there is a too high kinetic barrier to break the triple bond of N≡N, 
and high temperatures are required to break this bond at appropriate rates. As ammo-
nia decomposes to N2 and H2 at temperatures greater than 400 °C at 1 bar, the Haber–
Bosch reaction is operated at high pressures (15–40 MPa) to shift the reaction 
equilibrium toward the formation of ammonia. Low equilibrium single-pass conver-
sion (~15%) necessitates the use of multi-pass reactors. In each stage, ammonia 
product is removed by condensation, and the inert gases (methane and argon) are 
purged and recycled to the SMR furnace.

Electrification of the chemical industry necessitates the use of renewable electric-
ity for chemical manufacturing.62 In the Haber–Bosch process, hydrogen can be pro-
duced by the electrolysis of water and converted to ammonia using a conventional 
Haber–Bosch reactor (Figure 2.3b). Nitrogen (N2) is separated from the air through 
pressure swing adsorption, suitable for small-scale applications.

The Haber–Bosch process has been improved and optimized continuously since 
its invention over a century ago; however, the current catalyst is very similar to the 
original iron (Fe) catalyst.63 Studies have demonstrated Fe (111) single crystal struc-
ture is the most reactive crystal face for ammonia synthesis due to the highly coordi-
nated Fe sites, which experience the most considerable electronic fluctuations.64 The 
addition of promoters (e.g., Al2O3, K2O) can improve the catalyst performance in the 
high-temperature and high-pressure environment of the Haber–Bosch reactor. In 
addition, these promoter oxides can increase the Brunauer–Emmett–Teller surface 
area of the hybrid catalyst.65 Ozaki et al. proposed the energetics of chemical adsorp-
tion and desorption of nitrogen species on the catalyst surface could follow the 
so-called “volcano” plots.66 Ruthenium-based catalysts have also received attention 
due to their optimum energy on the volcano graph, leading to the commercialization 
of the first ammonia synthesis reactor using non-ferrous catalysts.67 Ru-based cata-
lysts have a higher cost and lower durability than Fe-based catalysts,68,69 and there-
fore, research and development should be focused on exploring potential catalyst 
supports, such as boron nitride,70 BaCeO3 nanocrystals,71 lanthanide oxides (MgO),72 
CeO2,

73 graphitic nanofilaments,74 and zeolites.75 Recent work demonstrated that a 
calcium aluminum oxide-based electride ([Ca24Al28O64]4+ (e−)4) acts as electron-
donating support for a Ru catalyst, resulting in ammonia production rates as high as 
2120 μmol g−1 h−1 (a gas inlet of H2/N2 (3:1), 1 atm, 673 K), compared with tradi-
tional alumina or calcium oxide-supported Ru catalysts with ammonia production 
rates of 50–160 μmol g−1 h−1.76

Currently, the state-of-the-art methane-fed Haber–Bosch reactor emits ~ 1.6 ton 
of carbon dioxide per ton of ammonia production. This value of emission will further 
increase if the extraction and transport of natural gas are included. The majority of 
CO2 emissions (~75% or 1.2 tCO2 tNH3

−1) originates from hydrogen production through 
the SMR process.77 The remaining ~ 25% is consumed to provide the required energy 
for an endothermic reaction (Figure 2.4). In the electrically driven Haber–Bosch pro-
cess, the CO2 emissions will decrease considerably from 1.6 tCO2 tNH3

−1 to 0.38 tCO2 
tNH3

−1 if methane is replaced with renewable energy sources.61 For example, assum-
ing that the renewable-powered Haber–Bosch process requires a 38.2 GJ tNH3,  
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35.5 GJ tNH3 is consumed for hydrogen production with 60% efficient electrolyzer 
and ~2.7 GJ tNH3 is used for the N2 separation and the Haber–Bosch loop compres-
sors. Therefore, a wind-powered ammonia synthesis reactor will have a carbon inten-
sity of 0.12–0.53 tCO2 tNH3

−1.61 This range is calculated based upon the size of wind 
turbines and average wind speed. The estimated 2018 global production of renewable 
wind and solar energy of 2480 TWh is sufficient to meet the global demand for 
ammonia, which was ~ 150 million metric tons (requiring 1670 TWh electricity) in 
2015.78,79

FIGURE 2.4  Sankey drawing comparing the attributions of direct CO2-eq emissions arising 
from the methane-fed and the electrically driven Haber–Bosch processes (range of values 
depending on the size of wind turbines). The stoichiometric CO2 emissions are shown to high-
light the minimum level of direct CO2 emissions achieved by the methane-fed system without 
carbon capture. The additional CO2 emissions are allocated proportionally to the significant 
energy consumers. Reprinted with permission from Smith et al.61
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Electrocatalytic Nitrogen 
Reduction Reaction for 
Ammonia Synthesis

3.1 � INTRODUCTION

Developing sustainable and environmentally friendly ammonia production methods 
that consume significantly less energy than the current industrial process is impera-
tive. As the cost of renewably derived (e.g., solar and wind) electricity continues to 
decrease given the rapid progress in technology and economies of scale, there is a 
growing interest in NH3 electrosynthesis from N2 and H2O under ambient conditions 
in an electrochemical cell.80 Electrocatalytic fixation of nitrogen is a form of artificial 
synthesis that mimics the natural nitrogen enzymatic process.53 This approach can 
provide an alternative pathway to the Haber–Bosch process for clean, sustainable, and 
distributed ammonia synthesis as well as the storage of surplus renewable energy in 
the form of NH3 fuel at times of excess supply in the grid.81,82 Electrification of ammo-
nia synthesis on a large scale requires an effective electrocatalyst that converts N2 to 
NH3 with a high yield and Faradaic efficiency (FE). An efficient catalyst should bond 
atoms and molecules with an intermediate strength so that catalysis will not be limited 
by weak adsorption of reactants or strong desorption of products. To date, most stud-
ies have shown low electrocatalytic activity and selectivity for NH3 production mainly 
due to the high energy required for N≡N cleavage and due to the competition with the 
hydrogen evolution reaction (HER).83–87 Various strategies for the photo- and electro-
catalytic nitrogen reduction reaction (NRR) have been proposed in the literature, aim-
ing to design novel electrodes, electrolytes, and photo-electrochemical cells to 
enhance the rate of ammonia synthesis (Figure 3.1). Additionally, the operating tem-
perature and electrode reactions of a photo-electrochemical cell are determined by the 
type of the electrolyte. In the ambient pressure and temperature conditions, aqueous, 
non-aqueous, and polymer electrolyte membranes have been utilized as the electro-
lyte.88 In the intermediate temperature range, molten chlorides,89 molten hydroxides,90 
and solid acids91 are the most commonly used electrolytes. In the high-temperature 
region, carbonates92 and solid-state proton or oxide-ion conductors with perovskite, 
fluorite, or pyrochlore structure93 were evaluated as the electrolyte. Protons (H+), 
hydroxide ions (OH−), oxide ions (O2−), and nitride ions (N3−) are typically mobile 
charge carriers in these electrolytes. The electrode reactions will vary depending on 
the type of charge carrier and the feed gas composition (Figure 3.2).94 The selectivity 
of N2 molecules on the surface of nanocatalysts over the kinetically favored HER has 
been demonstrated to be one of the major challenges in enhancing the rate of 

3
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electrochemical NRR in aqueous solution under ambient conditions.95–97 In addition, 
achieving a high ammonia yield rate is vital to make this process industrially feasible. 
A recent report suggested an ammonia formation rate of 10−6 mol cm−2 s−1 and a FE 
of ~50% would be required for commercial applications.98 Achieving high production 
energy efficiency (maintaining low overpotentials for the anodic and cathodic half-
reactions) is another critical factor that needs to be addressed.99 It is important to note 
that while plasma electrolytic systems result in remarkably high N2 selectivity and 
ammonia formation rate, it suffers from a very low energy conversion efficiency as a 
result of a high voltage input (i.e., 500 V).100

FIGURE 3.1  Background of various electrochemical approaches for nitrogen fixation in the 
literature. There are three main strategies for electrochemical nitrogen fixation: 1) N2 elec-
trolysis, 2) Li cycling strategy, and 3) Plasma-enabled nitrogen fixation.

FIGURE 3.2  Electrode reactions for ammonia synthesis in electrochemical cells using (a) 
proton (H+), (b) hydroxide ion (OH−), (c) oxide ion (O2−), and (d) nitride ion (N3−) conducting 
electrolytes. Reprinted with permission from Refs.94,101
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3.2 � FUNDAMENTAL UNDERSTANDING OF ELECTROCATALYTIC 
N2 REDUCTION

The N2 molecule stability and the high dissociation energy of the N≡N triple bond 
(941 kJ mol−1) make this molecule an appropriate candidate for providing an inert atmo-
sphere (e.g., glovebox). Even though the dissociation energy of the N≡N triple bond is 
lower than those of acetylene (HC≡CH, 962 kJ mol−1) and carbon monoxide (C≡O, 
1070 kJ mol−1), the cleavage of the first bond in N≡N requires almost two times more 
energy (410 kJ mol−1) than those in acetylene and carbon monoxide.88,101 This indicates 
that the initiation of dissociating the triple bond of N2 is a challenging task. Lack of a 
permanent dipole, a low proton affinity (493.8 kJ mol−1), a negative electron affinity 
(−1.90 eV), high ionization potential (15.84 eV), and its large energy gap (10.82 eV) 
between the highest occupied and lowest unoccupied molecular orbitals hinder electron 
transfer reactions.102 The hydrogenation of N2 to NH3 is thermodynamically favored; 
however, the energies of possible intermediates (e.g., diazene (N2H2) and hydrazine 
(N2H4)) are so high that the hydrogenation of N2 does not occur spontaneously.103

Electrochemical reduction of N2 to ammonia is a multistep process involving six 
electrons and protons. The half-reactions of N2 reduction and water oxidation and 
their corresponding equilibrium potentials at 25 °C are as follows:

	 N2(g) + 6H+(aq) + 6e− ↔ 2NH3(aq)  Eo = 0.058 V vs. RHE	 (3.1) 

	 3
3
2

6 6 1 232 2H O l O g H aq e E V vs RHEo� � � � � � � � � �� � . . 	 (3.2) 

The overall reaction is:

	
N g H O l NH aq O E V vs RHEo

2 2 3 23 2
3
2

1 17� � � � � � � � � � . .
	

(3.3)
 

Theoretically, when a sufficiently negative potential is applied to an electrode, it 
should drive the reduction of N2 at room temperature and atmospheric pressure. 
However, the equilibrium potential of N2 reduction is similar to the hydrogen evolu-
tion reaction (HER) according to the following reaction:

	 H2(g) ↔ 2H+(aq) + 2e−  Eo = 0.00 V vs. RHE	 (3.4) 

The HER only requires two electrons and therefore is kinetically more facile than 
six-electron NRR. In addition to the thermodynamic factors, catalytic NRR involves 
three steps:

	 1)	adsorption of N2 on the active sites of the catalyst,
	 2)	the protonation of adsorbed N2 and N≡N triple cleavage to produce ammonia, 

and
	 3)	desorption of ammonia from the catalyst surface.

Depending on the adsorption and protonation modes of N2, the mechanisms are 
classified into associative and dissociative pathways (Figure 3.3).88,104,105 In the 
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FIGURE 3.3  Proton-coupled electron transfer pathways for ammonia synthesis: (left) dissociative pathways involving radical, direct, and plasma-
assisted processes and (right) associative pathways involving enzymatic, alternative, and distal processes. Reprinted with permission from Ref.104
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dissociative pathways, the N≡N triple bond is broken before protonation. The dis-
sociation of the N2 molecule can occur directly on specific catalysts under thermo-
catalytic conditions or through the plasma-assisted process to produce vibrationally 
excited nitrogen molecules (N2(ʋ)), forming the surface adsorbed nitrogen atoms. 
Homogeneous radical chemistry is categorized as a dissociative pathway, where N 
radicals (N*) formed in the plasma will combine with hydrogen radicals in the gas 
phase to form ammonia. In the associative pathways, N2 molecules are adsorbed 
onto the catalyst surface in “end on” and “side on” geometries. In the “side on” 
mode as exemplified by nitrogenase in enzymatic N2 fixation, both atoms of N2 
bond with the catalyst surface, followed by the alternating hydrogenation of each 
nitrogen, with N≡N triple bond cleavage forming two ammonia molecules. In the 
“end on” mode, only one atom of the N2 molecule bonds with the catalyst surface. 
Depending upon the protonation steps, the “end on” mode can be further catego-
rized into alternating and distal pathways. In the alternating associative pathway, 
the nitrogen atoms of adsorbed N2 are protonated alternatively. In the distal asso-
ciative pathway, the terminal nitrogen (i.e., the N not bound to the catalyst) is pro-
tonated preferentially, with N≡N bond cleavage to release one ammonia molecule 
and to leave one N atom adsorbed on the catalyst surface for further protonation to 
NH3.104

To highlight the critical role of selectivity in designing electrochemical NRR sys-
tems, the solar cell area needed to produce a fixed amount of ammonia (required 
ammonia for a one-hectare field in the midwestern United States) is calculated.96 If 
the electrochemical call can produce ammonia under 100% FE at an overpotential of 
1 V, the estimated solar cell area is about 0.05% of the land area (Figure 3.4a). When 
the overpotential is increased to 2 V, the solar cell area is still smaller than 0.1% of 
the land area (Figure 3.4b). However, when the FE drops to 1%, the solar cell occu-
pies 5% of the land (Figure 3.4c), increasing the cost of solar cells required to drive 
the electrochemical ammonia production.

FIGURE 3.4  Minimum solar cell area needed to electrochemically produce enough ammo-
nia for a typical one-hectare field in the midwestern United States. Figures are drawn based on 
the data, including overpotentials and Faradaic efficiencies published by Singh et al.96. 
Reprinted with permission from Ref.101
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3.3 � LITHIUM CYCLING STRATEGY

Lithium (Li) is the only metal in the periodic table that reacts with N2 at room tem-
perature to form lithium nitride (Li3N). Then the reaction of Li3N with proton sources 
(e.g., ethanol) produces ammonia. This process should be performed in aprotic solu-
tions because Li metal reacts readily with water to release H2 gas. Tsuneto et al.106 
proposed Li-mediated N2 reduction, using a single compartment electrochemical cell 
equipped with a platinum anode and a metal cathode. The electrolyte was a THF 
solution containing 0.2 M LiClO4 and 0.18 M ethanol as a proton source. In this 
process, Li+ ions are reduced at the cathode to Li (Li+ → Li) with the cathode poten-
tial of −3 V or more negative (vs. Ag/AgCl in sat. AgCl) during electrolysis. It was 
demonstrated that cathode materials made of metals that electrochemically form 
alloys with lithium (e.g., Al, Pb) have very low NRR activities, suggesting that Li 
deposited on the electrode surface played a critical role in reducing the inert N2 mol-
ecules. It is important to note that other protic compounds such as water, acetic acid, 
and methanol resulted in Faradaic efficiencies of less than 6.2%.107 The main draw-
backs with this system are:

	  i)	 The nitridation of the electrodeposited Li metal was conducted in the electro-
lyte phase. As the solubility of N2 in most electrolytes is extremely low, high 
pressure is required to facilitate ammonia formation and suppress hydrogen 
evolution by increasing the N2 concentration in the electrolyte.

	 ii)	 In this system, the proton donor (i.e., ethanol) was directly added to the lithium 
deposition solution.

Therefore, at the cathode, there is a possibility that the proton donor is reduced 
instead of Li+ and the electrodeposited Li metal can directly react with the proton 
donor instead of undergoing nitridation. To overcome these drawbacks, the three 
processes of Li deposition (i.e., Li+ reduction), Li nitridation, and ammonia forma-
tion was proposed to be physically separated from each other.108 The proposed cycle 
comprised LiOH electrolysis in molten salt (LiCl and KCl) at 450 °C, followed by Li 
nitridation in a flowing N2 atmosphere, and then ammonia formation by adding the 
Li3N to water (i.e., hydrolysis) (Figure 3.5a). A porous alumina diffusion barrier was 
added around the counter electrode to mitigate the reaction of LiOH, H2O, or O2 with 
the Li product at the working electrode (Figure 3.5b). All reactions were carried out 
under atmospheric pressure, and near-complete conversion of Li to Li3N was achieved 
after 12 h of nitridation, regardless of the reaction temperature (22, 50, and 100 °C) 
(Figure 3.5c). It was shown that a minimum total cell potential of ∼3.0 V was required 
for LiOH electrolysis at 450 °C, and the FE for Li production from LiOH electrolysis 
was estimated to be 88.5%. This number was close to the overall FE for ammonia 
synthesis from N2 and water, as Li was fully converted to Li3N, and the Li recovery 
for the nitridation and hydrolysis steps was 98%108. The use of stainless steel cloth-
based (SSC) support was proposed recently to overcome transport limitations of N2 
in tetrahydrofuran (THF) non-aqueous solution in the gas diffusion electrode setup 
(Figure 3.6a)109. The hydrophobic interactions between the electrolyte (THF solution) 
and support, as well as the small pore sizes in the support, prevented electrolyte 
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penetration and flooding into the SSC. An ammonia partial current density of 8.8 ± 
1.4 mA cm−2 and a FE of 35 ± 6% are obtained using a lithium-mediated approach 
(Figure 3.6b). In this apparatus, the NRR system was coupled with a water-splitting 
electrolysis cell where the produced H2 was fed into the anode side of the electro-
chemical NRR system for ammonia synthesis (Figure 3.6c and 3.6d).

Electrochemical lithium cycling strategy aid in increasing the ammonia yield and 
FE by conducting NRR experiments in molten salt systems or non-aqueous electro-
lytes; however, these strategies are not energetically efficient (<5%) due to the low 
conductivity of non-aqueous electrolytes and/or the high temperature requirement 
(e.g., 450 °C) for molten salt systems.108,109

3.4 � ELECTROCATALYTIC NRR ON AU PLASMONIC 
NANOPARTICLES

Theoretical and experimental studies have shown reasonable performances for elec-
trochemical NRR using gold (Au) as an electrocatalyst.110–112 Electrochemical NRR 
occurs on Au surfaces through an associative mechanism where the breaking of the 
triple bond of N2 and hydrogenation of the N atoms occur simultaneously. It has been 

FIGURE 3.5  Li-mediated strategies for N2 reduction to ammonia. (a) Sustainable ammonia 
synthesis concept cycle based on LiOH electrolysis in a molten salt electrolyte, Li nitridation, 
and Li3N hydrolysis. (b) Schematic cross-section of the molten salt electrolysis cell, where a 
porous alumina diffusion barrier was added around the counter electrode to mitigate LiOH, 
H2O, or O2 reaction the Li product at the working electrode. (c) Ammonia yield from Li nitrid-
ation to Li3N then reaction with H2O at different operating temperatures (22, 50, 100 °C) for 
0.5 h and 12 h experiments. Reprinted with permission from Ref.108 Copyright 2017 the Royal 
Society of Chemistry.
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shown that N2 adsorbs on the Au surface with further hydrogenation to form adsorbed 
N2Hx species (1 < x < 4), where the rate-determining step is N2 dissociation (reduc-
tion of N2

* to form NNH*).110–112 Furthermore, the greater rate of NRR on gold sur-
faces than on the surfaces of other electrocatalysts is due to its multifaceted Au 
surfaces, composed of various active sites for N2 adsorption and reduction.

Hollow Au nanoparticles can be synthesized and used in electrochemical NRR to 
understand the role of surface area and “confinement effect” (entrapping the reac-
tants inside the cavity). The catalytic efficiency of AuHNCs is compared with similar 
concentrations of solid Au nanocubes (AuNCs), nanospheres (AuNSs), and nanorods 

FIGURE 3.6  (a) Catalyst-coated SSC support is shown. A lack of substantial capillary action 
and the presence of a non-zero pressure (P) gradient across the cloth prevent complete catalyst 
flooding. Proton donor cycling is shown in a cell with a proton-producing anode. H2 is oxi-
dized at the anode, and nitrogen is reduced at the cathode using 1 M LiBF4 in THF and 0.11 M 
ethanol as a proton donor. (b) Changes in FE toward ammonia with different anode chemistries 
in experiments where 7.2 C of charge were passed at an applied current density of 20 mA cm−2, 
with ten standard cubic centimeters per minute (s.c.c.m.) of gas flowing past the electrode, 
across which the pressure gradient is one kPa. The error bars represent the standard deviation 
of multiple replicates of the same experiment (n ≥ 2). The insets show the anolyte after a lon-
ger-term continuous operation at 20 mA cm−2 for 1 h at respective anodes. The dark solution 
(platinum foil) contains poorly defined THF oxidation products, whereas the clear solution 
(Pt/SSC) shows few signs of THF oxidation. (c) A schematic of an electrochemical HB (eHB) 
reactor coupled to a water-splitting reactor. (d) A photograph depicting an eHB reactor model 
coupled to a water electrolyzer, with the reactors indicated by arrows. Reprinted with permis-
sion from Ref.109
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(AuNRs) to explore the enhanced rate of NRR using hollow nanocages. To prepare a 
working electrode (cathode), 300 μL of nanoparticles of known concentration and 
1.5 μL of Nafion solution (5% wt.) were sonicated and dropcasted onto a substrate 
such as indium tin oxide (ITO) (1 cm × 1 cm) and then dried under N2 atmosphere at 
75 °C for 45 min. Electrochemical measurements were carried out at various tem-
peratures (i.e., 20 °C, 35 °C, and 50 °C) in the water bath in 0.5 M LiClO4 electrolyte 
(40 mL, each side) in the three-electrode setup. Pt mesh (1 cm ×1 cm) and Ag/AgCl 
reference electrode were used as counter and reference electrodes. A cation exchange 
membrane was used to separate the anodic and cathodic compartments, while pro-
tons produced at the anode can transport across the membrane to the cathode side 
where NRR occurs. The measured potentials vs. Ag/AgCl are iR-compensated and 
converted to the reversible hydrogen electrode (RHE) scale based on Equation 3.5:

	 E E
RT

F
pH ERHE Ag AgCl Ag AgCl

o� � �/ /
.2 3

	 (3.5) 

where ERHE is the converted potential vs. RHE, EAg AgCl
o

/ .= 0 2027 at 20 °C with the 
slope of −1.01 mV/oC, EAg/AgCl is the experimentally measured potential against  
Ag/AgCl reference electrode, R is the gas constant (8.314 J mol−1 K−1), and T is the 
operating temperature (K). To calculate the ammonia FE, the amount of ammonia 
produced during the experiment is divided by the total charge applied to the elec-
trodes. Based on this reaction (N2 + 6H+ + 6e− → 2NH3), three electrons are required 
to produce one mole of NH3. The FE is calculated according to Equation 3.6:

	 FE
C V

i t n F
NH3 %

/
� � � �

�� � �� �
	 (3.6) 

where C is the ammonia concentration (mol L−1), V is the volume of the electrolyte 
(L), i is the measured current (A), n is the number of electrons that are required to 
produce one mole of ammonia (eq. mol−1), and F is the Faraday’s constant (96,485 C 
eq−1 or A.S eq−1). The molar concentration of each nanoparticle (C) is determined by 
dividing the total number of gold atoms (Ntotal) in the sample over the average number 
of gold atoms per nanoparticle (N) according to Equation 3.7:

	 C
N

NVN
total

A

= 	 (3.7) 

where V is the volume of the sample, and NA is the Avogadro’s constant (6.022×1023 
mol−1).

The concentration of nanoparticles is measured using inductively coupled plasma 
emission spectroscopy (ICP-ES). The weight of the nanoparticle is determined from 
the high-resolution TEM image. To calculate N, the mass of each nanoparticle (ρV′) 
is divided to the mass of one gold atom (M) based on Equation 3.8:

	 N
V

M
�

��
	 (3.8) 
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where ρ is the density of Au atom (19.3 × 10−21 g/nm3), V′ is the volume of each 
nanoparticle, and M is the mass of one gold atom, which is the ratio of the molecular 
weight of Au (197 g mol−1) and Avogadro’s constant.
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�
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(3.9)

 

To calculate the mass of each nanoparticle, the diameter of a nanoparticle is deter-
mined from the TEM image. For instance, the average diameter of Au nanospheres 
(AuNSs) is 35 nm. Therefore, the mass of the nanosphere is calculated by multiply-
ing the volume of the nanosphere (πd3/6) and the density of Au according to 
Equation (3.10):

	 Mass of AuNS
g

nm
g  � � � � � �� �19 3 10
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6
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3

3
16. .� 	 (3.10) 

Then, the number of Au atoms per nanoparticle is calculated by dividing Equations 
(3.9) and (3.10):
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Finally, the value of Au concentration obtained from ICP-ES (e.g., for AuNSs: 
8.28 mg L−1) is divided by the average number of Au atoms per nanoparticle to deter-
mine the concentration of nanoparticles in the sample, which is ~32 pM.

AuHNCs are prepared from a solid silver nanocubes (AgNCs) template by the 
galvanic replacement technique.5,113 In this method, the sacrificial metal template 
(i.e., Ag) is replaced with the nanocage metal (i.e., Au) if the oxidation potential of 
the metal template is higher than that of the nanocage metal. The replacement of 
three Ag atoms of the template with one Au atom (3Ag(s) + AuCl4

−(aq.) →Au(s) + 
3Ag+(aq.) + 4Cl−(aq.)) creates a hollow structure with holes at the wall and corners 
of the nanocage. The size of the AuHNCs is tuned by varying the size of the AgNCs. 
AgNCs with localized surface plasmon resonance (LSPR) peak position at 429 nm 
are prepared by a modified polyol reduction method (Figure 3.7a).114 The AgNCs are 
then washed with acetone, centrifuged (for 10 min at 10,000 rpm) and dispersed in 
DI water. Hydrogen tetrachloroaurate (0.5 mM) in DI water is injected into the AgNC 
solution under vigorous stirring (600 rpm) until the LSPR peak position shifts to 
660 nm (Figure 3.7a). The X-ray diffraction (XRD) pattern of AuHNCs deposited on 
the Si substrate is composed of various surface index facets that provide active sites 
for electrochemical NRR (Figure 3.7b). The average edge length of AuHNCs is 35 
nm, obtained from transmission electron microscopy (TEM) analysis (Figure 3.7c 
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and 3.7d). Electrochemical NRR experiments are conducted in H-type cells where 
anodic and cathodic compartments are separated by a proton conductive cation 
exchange membrane (Figure 3.8a). The electrolyte is 0.5 M LiClO4 aqueous solution. 
Perchlorate anion (ClO4

−) is beneficial for NRR due to the minimal and unselective 
adsorption of the ClO4

− on the low index facets of Au nanoparticles surface115. Li+ is 
advantageous for its superior ability to activate N2 at ambient conditions.85,108,116

Linear sweep voltammetry (LSV) in an Ar and N2 saturated environment qualita-
tively distinguished between HER and NRR (Figure 3.8b). As the potential moves 
below −0.4 V vs. RHE, a notable enhancement in current density is observed under 
the N2 saturated environment. This is attributed to the reaction between AuHNCs as 
a cathodic electrocatalyst and N2 to produce NH3. The greatest difference in the LSV 
curves of N2 and Ar-saturated environments is found at the potential between −0.4 V 
to −0.8 V vs. RHE. It is expected that the highest NRR activity in this potential range 
was achieved. Moving toward potentials more negative than −0.8 V vs. RHE yields 
no further difference in current density between Ar and N2 (Figure 3.8b). This indi-
cates that HER is the only reaction at the cathode. Chronoamperometry (CA) tests at 

FIGURE 3.7  (a) UV-vis extinction spectra of the AgNCs and AuHNCs, the photograph 
shown in the inset is AuHNCs dispersed in DI water. (b) XRD pattern of AuHNCs deposited 
on Si substrate. (c and d) TEM images of AuHNCs with different magnifications. The average 
edge length of the AuHNCs is 35 nm. Reprinted with permission from Ref.114
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a series of potentials were conducted to determine the ammonia yield rate and FE. 
The calibration curve for the ammonia assay using the Nessler reagent is shown in 
Figure 3.9. The electrochemical NRR obtains higher selectivity within the potential 
range of −0.4 V to −0.6 V vs. RHE, with the highest ammonia yield rate (3.98 μg 
cm−2 h−1) at −0.5 V and FE (30.2%) at −0.4 V. Although in this potential range 
(−0.4 V to −0.6 V), the ammonia yield rate increases as the negative applied poten-
tial increases, FE decreases, which is attributed to the compromise between increas-
ing current density and competitive selectivity toward HER rather than NRR. It is 
known that H atoms occupy the active sites on Au that prevents N2 adsorption and 
reduction on the catalytic surface.111,117 At negative applied potential below −0.6 V, 
both ammonia yield rate and FE decrease considerably (ammonia yield rate: 1.54 μg 
cm−2 h−1, FE:1.1% at −0.8 V vs. RHE), which suggests that HER is the dominant 
reaction at the cathode (Figure 3.8c). To evaluate the durability of AuHNCs, CA tests 
are performed at −0.4 V vs. RHE for 5 consecutive cycles, each for 12 h. The elec-
trocatalyst shows excellent stability with a minor decrease in ammonia yield rate and 
FE (93.8% performance retention) after the 5th recycling test (Figure 3.8d).114

FIGURE 3.8  (a) Schematic of electrochemical cell for NRR. The anode and cathode com-
partments are separated by a cation exchange membrane (CEM). (b) LSV tests in an Ar and N2 
saturated environment in 0.5 M LiClO4 aqueous solution under ambient conditions. 
(c) Ammonia yield rate and FE at various potentials in 0.5 M LiClO4 at 20 °C. (d) Cycling 
stability results of ammonia yield rate on AuHNCs. For each cycle CA test was carried out at 
−0.4 V vs. RHE in 0.5 M LiClO4 at 20 °C. Reprinted with permission from Ref.114
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To further verify the electrochemical NRR activity using AuHNCs, control exper-
iments are carried out with Ar gas and with no potential applied to the electrodes 
under N2 gas (open circuit voltage). Significantly smaller amounts of NH3 yield are 
measured using Ar gas or N2 gas without applying a potential (Figure 3.10a). This 
confirms that the results with the N2 gas under applied potential are not due to the 
sources of contamination (e.g., laboratory, equipment, membrane). During the elec-
trochemical NRR experiments, the formation of ammonia is further validated by 
surface-enhanced Raman spectroscopy (SERS).118 The solution collected from the 
electrochemical experiment, which showed the highest ammonia FE (−0.4 V vs. 
RHE at 20 °C), was mixed with AuNCs, and the SERS spectrum was collected under 
785 nm laser excitation (Figure 3.10b). A control experiment was performed, where 
the SERS spectrum for 0.5 M LiClO4 was collected under the same operating condi-
tion, as the SERS band might correspond to the ligand molecules on the AuNCs 
surface and LiClO4 could interfere with the Raman features of ammonia. In compari-
son to the SERS spectra collected from the control experiment, a new Raman band at 
3062 cm−1 appeared for the sample analyzed after the electrochemical experiment, 
which is attributed to the NH4

+ moiety present in the electrolyte.119,120 This was fur-
ther validated by collecting the Raman spectrum from crystalline NH4F, which 
showed a corresponding vibration mode for NH4

+ at around 3075 cm−1. The observed 
shift in the Raman band corresponds to NH4

+ in the SERS spectrum compared to the 
normal Raman spectrum could be attributed to the plasmon-enhanced electromag-
netic field effect and the modifications in the adsorption (physisorption and chemi-
sorption) orientation of these molecules at the nanoparticle surface. This result points 
toward the fact that ammonia formed during the electrochemical experiment primar-
ily exists as ammonium ions (NH4

+) in the electrolyte. Furthermore, 1H NMR spectra 
obtained from the sample in the NRR experiment lie at a chemical shift of triplet 

FIGURE 3.9  (a) UV-vis calibration curve for ammonia quantification using Nessler’s 
method. Known concentration of ammonium ions are added to 0.5 M LiClO4 electrolyte and 
mixed thoroughly with 1 mL of 0.2 M KNaC4H6O6 and 1 mL of Nessler reagent and then the 
absorbance at 395 nm is measured by the UV-vis spectrophotometer. The value of blank elec-
trolyte is subtracted from all other concentrations as background. Reproduced with permission 
from Ref.114
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FIGURE 3.10  (a) UV-vis absorption spectrum of AuHNCs in 0.5 M LiClO4 aqueous solu-
tion under N2 saturated with and without applied potential and Ar gas with applied potential 
(−0.4 V vs. RHE). (b) Raman spectra of blank 0.5 M LiClO4 aqueous solution, NRR sample, 
and standard NH4

+ sample. (c) Calibration curve of the 1H NMR signal at 6.95 ppm for stan-
dard solutions of NH4+ (100, 150, 1000 μM) and NRR sample. (d) 1H NMR spectra (700 MHz) 
of NH4

+ produced from the NRR experiment and standard NH4
+ samples. 14N produces a 

triplet with ~52 Hz J coupling constant. Reprinted with permission from Ref.114
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coupling of 14N2 similar to that of standard 14NH4
+ samples (J- coupling: ~52 Hz), 

which further confirms that the ammonia formation is solely originated from N2 
(Figure 3.10c). The ammonia production at −0.4 V vs. RHE at 20 °C quantified from 
the 1H NMR analysis is 38.6 μM (Figure 3.10d). This is compared with 41.5 μM of 
ammonia, measured by UV-vis spectra using Nessler’s test.

By increasing the concentration of AuHNCs from 0.9 μg mL−1 to 1.8 μg mL−1 on 
the Si substrate (1 cm2) at −0.5 V vs. RHE, both the ammonia yield rate and the FE 
increase from 1.88 μg cm−2 h−1 and 3.12% to 3.98 μg cm−2 h−1 and 14.8% 
(Figure 3.11a). This is due to the increase in the number of nanoparticles participat-
ing in the NRR, resulting in an increase in the total active surface area. By increasing 
the electrochemical NRR temperature from 20 °C to 50 °C at −0.4 V vs. RHE, the 
ammonia yield rate and FE increase from 2.35 μg cm−2 h−1 and 30.22% to 2.82 μg 
cm−2 h−1 and 40.55% (Figure 3.11b). Based on the Arrhenius equation, the reaction 
rate increases exponentially with the temperature. The mass transport rate is faster at 
higher temperatures, while the N2 solubility decreases at higher temperatures. For 
these experiments, faster kinetics plays a significant role in enhancing the NRR rate 
at higher temperatures. The ammonia yield rate and FE can be further enhanced by 
using ionic liquids (e.g., [C4mpyr][eFAP]) that offer significantly higher N2 solubil-
ity compared to the aqueous solution.121

To further investigate the cage effect using AuHNCs, the NRR rate is evaluated 
using solid Au nanoparticles of various shapes (i.e., rods, spheres, cubes) with simi-
lar nanoparticle concentrations. The LSPR of AuNSs and AuNCs lies at 535 nm and 
two plasmon peaks for AuNRs are observed, which are attributed to the transverse 
(512 nm) and longitudinal (746 nm) modes (Figure 3.12a). The average diameter and 
edge length of AuNSs and AuNCs, respectively, are 35 nm, while AuNRs have an 
average length and width of 42 nm and 12 nm as obtained from TEM images 
(Figure 3.12b–d). The ammonia yield rate and FE are significantly lower using solid 
Au nanoparticles compared to the AuHNCs (Figure 3.12e). The lowest ammonia 
yield rate and FE are obtained for AuNRs (0.99 μg cm−2 h−1, 10.69%). A minor 
increase in the NRR rate is observed using AuNSs (ammonia yield rate: 
1.19  μg  cm−2  h−1, FE: 11%) and AuNCs (ammonia yield rate: 1.27 μg cm−2 h−1, 

FIGURE 3.11  (a) Ammonia yield rate and FE of AuHNCs at various concentrations at 
−0.5 V vs. RHE in 0.5 M LiClO4 aqueous solution under ambient conditions. (b) Ammonia 
yield rate and FE of AuHNCs at various temperatures at −0.4 V vs. RHE in 0.5 M LiClO4 
aqueous solution. Reprinted with permission from Ref.114
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FE: 11.35% for AuNCs). Nanoparticles with sharper edges and corners yield higher 
catalytic activity.13 This is due to the increased number of valency-unsatisfied surface 
atoms (atoms that do not have the full number of bonds that they can chemically 
accommodate) in nanoparticles with sharper edges, providing more active sites for 
catalytic reaction than smoother nanoparticles.13 The significant enhancement in the 

FIGURE 3.12  (a) UV-vis extinction spectra of AuNSs, AuNCs, and AuNRs. (b–d) TEM 
images of AuNSs, AuNRs, and AuNCs, respectively. (e) Ammonia yield rate and FE for 
nanoparticles of various types and shapes at the potential of −0.4 V vs. RHE in 0.5 M LiClO4 
aqueous solution. Reprinted with permission from Ref.114
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NRR rate using AuHNCs is attributed to the entrapment of N2 molecules within the 
cavity. These likely experience high-frequency collisions with the hollow Au interior 
surface of the cages. This increases the residence time of N2 molecules at the inner 
nanoparticle surface, which facilitates the conversion of N2 to NH3. In addition, the 
presence of less capping material (i.e., polyvinylpyrrolidone (PVP)) on the inner 
surface than the outer surface of the AuHNCs can enhance the NRR catalytic 
activity.

3.5 � ELECTROCATALYTIC NRR USING PORE-SIZE CONTROLLED 
HOLLOW BIMETALLIC AU–AG NANOCAGES

Finding the optimum size and density of pores in the walls of AuHNCs is crucial to 
enhance the rate of electro-reduction of N2 to NH3. The interdependency between the 
pore size/density, the LSPR peak position, the silver content in the cavity, and the 
nanoparticle’s total surface area should be explored for further optimization of hol-
low plasmonic nanocatalysts in electrochemical NRR. The electrochemical surface 
areas (ECSA) of AuHNCs with various pore sizes are determined by cyclic voltam-
metry (CV) tests in Ar-saturated 0.1 M LiOH aqueous solution in a rotating disk 
electrode (RDE) setup at a scan rate of 50 mV s−1.122 A polished glassy carbon disk 
electrode mounted on an interchangeable RDE holder was used as the working elec-
trode. A platinum coil and a single junction Ag/AgCl reference electrode (4 M KCl 
with AgCl solution) were used as counter and reference electrodes. To mitigate any 
interferences on CV measurements, both counter and reference electrodes were sepa-
rated from the main cell by an electrolyte bridge. Before measuring CVs for ECSAAu 
calculation, the working electrode is conditioned by conducting CV tests for 50 
cycles at a scan rate of 200 mV s−1 to remove possible surface impurities and achiev-
ing a stable current density response.123 Then, 20 μL of AuHNCs with 0.1 μL of 
Nafion solution (5% wt.) are sonicated and dispersed on a polished glassy carbon 
electrode with Au loadings of 0.12, 0.19, and 0.27 μgAu cm−2

disk for AuHNCs-635, 
AuHNCs-715, and AuHNCs-795. To more uniformly disperse nanoparticles on the 
glassy carbon, nanoparticles are dried on the glassy carbon with a rotation rate of 600 
rpm at room temperature. The ECSAAu of the catalyst is determined from the charge 
associated with the reduction peak of Au oxide after double-layer correction and is 
normalized to the Au loading on the working electrode and charge density of 
386 μC cm−2 according to Equation 3.12:
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where Q (μC cm−2) is the charge associated with the reduction peak of Au oxide after 
double-layer correction and calculated according to the Equation (3.13):
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where i is the current density (μA cm−2), V is the potential (V), and v (V s−1) is the 
scan rate.

AuHNCs with various LSPR peak values (i.e., 635 nm, 715 nm, and 795 nm) are 
prepared by adding hydrogen tetrachloroaurate (0.5 mM HAuCl4 (aq.)) in solid Ag 
nanocubes (AgNCs) that are dispersed in DI water using the synthetic galvanic 
method.21 By increasing the amount of Au3+ ions added to the AgNCs template with 
the initial LSPR peak position at 445 nm, the core Ag atoms are etched, and the 
resulting LSPR peak value of AuHNCs redshifts (Figure 3.13a). The first stage of 
this synthesis after adding Au3+ to the template solution is the formation of nano-
boxes with walls composed of Ag–Au alloy at the LSPR peak value of 635 nm 
(Figure 3.13b). As more Au3+ is added to the boxlike AuHNCs solution, the de-alloy-
ing process of Ag atoms from the Ag–Au walls is initiated. Numerous pores are 
formed at the walls and corners of AuHNCs at the LSPR peak value of 715 nm 
(Figure 3.13c). By further adding Au3+ to the porous AuHNCs, the pore size increases 
while the pore density decreases and the LSPR peak value redshifts to 795 nm 
(Figure 3.13d). By shifting the LSPR peak value from 635 nm to 715 nm, the small 

FIGURE 3.13  (a) UV-vis extinction spectra of AgNCs and AuHNCs with various LSPR 
peak values, the photograph shown in the inset is AuHNCs dispersed in DI water. (b–d) TEM 
images of AuHNCs with LSPR peak values at 635 nm, 715 nm, and 795 nm, respectively. The 
inset of each image is the magnified TEM image of a nanoparticle. Reprinted with permission 
from Ref.123
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peak in UV-vis spectrum around 445 nm disappears, indicating the removal of Ag 
from the interior surface of the cavity (Figure 3.13a). The Au and Ag concentrations 
of all synthesized nanoparticles are determined by inductively coupled plasma emis-
sion spectroscopy (ICPES) and reported in Table 3.1. It is observed Au content 
(mass %) in nanoparticles increases from 33.0 to 64.7 as the LSPR peak position 
shifts from 635 nm to 795 nm (Table 3.1). The ECSAAu is calculated from the reduc-
tion peak of Au oxide after double-layer correction and a charge density of 386 μC 
cm−2 (Figure 3.14 and Table 3.1). AuHNCs-715 has the highest ECSAAu (26.6 m2 
g−1) while AuHNCs-795 has the lowest ECSAAu (21.3 m2 g−1). Although AuHNCs-795 
has the highest Au concentration among all nanoparticles (Table 3.1), it has the low-
est ECSAAu. This is attributed to the simultaneous reduction of Au and Ag atoms in 
the final stage of synthesis when the LSPR redshifts from 715 nm to 795 nm, which 
changes the nanocages’ porosity and increases the void size. The smaller peak 
observed for the reduction of Au oxide compared to similar studies122,124 is due to the 
significantly smaller Au loading (e.g., 0.39 μgAu cm−2 disk for AuHNCs-715), which 
is necessary when the economic feasibility of using this electrocatalyst for ammonia 
synthesis is investigated.123

LSV tests are carried out in Ar and N2 saturated electrolyte to evaluate the selec-
tivity performance (IN2 − IAr)/(IN2) × 100 of AuHNCs with various values of LSPR 
peak toward NRR. Faradaic current is obtained by subtracting the capacitive current 
from the actual current recorded from LSV tests. For all electrocatalysts, current 
density differs between Ar and N2 within the potential window of −0.3 V to −0.6 V 

FIGURE 3.14  Cyclic voltammograms (CV) of AuHNCs with various peak LSPR values in 
Ar-saturated 0.1 M LiOH aqueous solution at a scan rate of 50 mV s−1. The CV measurements 
were conducted in the RDE setup at a rotation rate of 1500 rpm at room temperature. The 
observed shift in decreasing the reduction potential of Au oxide (~0.15 V) when LSPR red-
shifts from 635 nm to 795 nm is attributed to the de-alloying process by removal of Ag in the 
cavity. The second peak in the reduction segment of the CV curve corresponds to the reduction 
of Ag oxide. The intensity of the peak is proportional to the Ag concentration which is the 
highest for AuHNCs-715. Reprinted with permission from Ref.123
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vs. RHE (Figure 3.15a). Beyond this potential window, the HER is the dominant 
reaction. The highest selectivity toward the NRR (65.3% at−0.4 V vs. RHE) is 
achieved using AuHNCs-715. This is compared with 48.7% and 27.4% at −0.4 V vs. 
RHE for AuHNCs-635 nm and AuHNCs-795 nm. The complete selectivity perfor-
mance of electrocatalysts at three different potentials is provided in Table 3.2. The 
highest N2 selectivity for AuHNCs-715 is attributed to the compromise between the 
pore size, the active surface area of the nanoparticle, and the Ag content in the cavity 
of AuHNCs. Although by increasing the pore size, the active surface area of nanopar-
ticles decreases, the presence of Ag in the cavity of AuHNCs with smaller pore sizes 
(i.e., AuHNCs-635) decreases the selectivity of an electrocatalyst toward NRR, as Ag 
enhances H2 evolution. It is noted that all electrochemical experiments are conducted 
in an O2-free environment to avoid the formation of silver (I) oxide Ag2O in the cav-
ity. As the NRR primarily happens within the cavity, the AuHNCs that have smaller 
pore sizes but that have higher Ag within the cavity (AuHNCs-635) result in lower 
selectivity for NRR compared with AuHNCs that have bigger pore size but have 
lower Ag in the cavity (AuHNCs-715). Further increasing the pore size decreases the 
NRR selectivity due to both the surface area’s decrease and the inefficient confine-
ment of reactants within the cavity (AuHNCs-795). The pore size should be 

TABLE 3.2
Selectivity Performance of AuHNCs with Various LSPR Peak Values Toward 
NRR. Reprinted with Permission from Ref123

Electrocatalyst

Potential (V vs. RHE)

−0.3 −0.4 −0.5

AuHNCs-635 nm 52.3 48.7 45.1
AuHNCs-715 nm 55.6 65.3 56.3
AuHNCs-795 nm 20.2 27.4 11.0

TABLE 3.1
Au, Ag Concentrations, Au and Ag Content (% at.) of Nanoparticles are 
Determined by ICPES. The Electrochemical Surface Areas (ECSA) of 
Nanoparticles are Determined based on the Reduction Peak of Au Oxide 
during CV Measurement in Ar-Saturated 0.1 M LiOH Solution at a Scan Rate 
of 50 mV s−1. Atomic Content is Calculated using Au and Ag Concentrations 
Divided by the Molar Mass of Au (196.97 g mol−1) and Ag (107.87 g mol−1)

Catalyst
Au Conc. 
(μg mL−1)

Ag Conc. 
(μg mL−1)

Au Content 
(Mass %)

Au Content 
(Atom %)

ECSAAu 
(m2 g−1)

AuHNCs-635 1.20 2.44 33.0 21.2 23.4
AuHNCs-715 3.91 3.45 53.1 38.3 26.6
AuHNCs-795 5.40 2.95 64.7 50.1 21.3
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engineered so that reactants can diffuse in and products can diffuse out of the cavity 
while not losing the surface area notably, due to the increase in the pore size in the 
walls of the nanocages. Therefore, the pore size optimization plays a crucial role in 
confining the reactants in the small region within the cavity and increasing their col-
lision frequency with the interior surface of the electrocatalyst.

Chronoamperomtry (CA) tests are conducted at −0.4 V vs. RHE to evaluate the 
electrocatalytic activity and determine the ammonia yield rate and FE for 
AuHNCs-635, AuHNCs-715, and AuHNCs-795 (Figure 3.15b). The highest ammo-
nia yield rate (3.74 μg cm−2 h−1) and FE (35.9%) are achieved using AuHNCs-715, 
while the lowest ammonia yield rate (0.87 μg cm−2 h−1) and FE (8.2%) are obtained 
for AuHNCs-795 (Figure 3.15c). This is in line with the trend of electrocatalysts’ 
selectivity performance for NRR (Figure 3.15a). A small amount of NH3 is detected 
(~0.34 μg cm−2 h−1, ~9% of N2 gas) when N2 gas is replaced with Ar under the same 
applied potential using AuHNCs-715, which indicates that the majority of NH3 in 

FIGURE 3.15  (a) LSV tests of AuHNCs with LSPR peak values at 635 nm, 715 nm, and 
795 nm in an Ar and N2 saturated 0.5 M LiClO4 (aq.) under ambient conditions with the scan 
rate of 10 mV s−1. (b) Chronoamperometry (CA) results of AuHNCs with various LSPR peaks 
at −0.4 V vs. RHE in N2 saturated 0.5 M LiClO4 (aq.). (c) Ammonia yield rate and FE for 
AuHNCs with various LSPR peak values at the potential of −0.4 V vs. RHE in 0.5 M LiClO4 
(aq.). (d) UV-vis absorption spectra of N2 and Ar-saturated 0.5 M LiClO4 (aq.) after electroly-
sis at −0.4 V vs. RHE for 12 h using Nessler’s test for AuHNCs with various LSPR peak val-
ues. Reprinted with permission from Ref.123
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these experiments originated from the N2 source (Figure 3.15d). Hollow Au nano-
spheres (AuHNSs) with LSPR peak values and electrolysis operating conditions 
similar to those of AuHNCs (Figure 3.15c) are evaluated for electrochemical NRR 
(Figure 3.16). The same trend as AuHNCs but lower electrocatalytic activity for 
NRR is observed using AuHNSs. The highest ammonia yield rate (2.77 μg cm−2 h−1) 
and FE (29.3%) are achieved using AuHNSs-715; these values are lower than 
AuHNCs-715 (3.74 μg cm−2 h−1, FE = 35.9%) (Figure 3.17). This could be attributed 
to small variations in the nanospheres’ sizes, cavity volume, pore sizes, and lack of 
sharp corners and edges in AuHNSs. The role of pH on the electrocatalytic activity 
of NRR is evaluated using AuHNCs-715. It is found that operating the N2 electrolysis 
in both acidic (0.5 M LiClO4 + 0.001 M HClO4, pH = 3) and alkaline electrolyte 
(0.1 M LiOH, pH = 13) decreases the rate of ammonia production (Table 3.3). This 
is attributed to the favorable HER in acidic conditions. Moreover, decreasing the 

FIGURE 3.16  (a) UV-vis extinction spectra of AgNSs and AuHNSs with various LSPR peak 
values. (b–d) TEM images of AuHNSs with the LSPR peak values at 635 nm, 715 nm, and 795 
nm, respectively. The average diameter of nanoparticles is 55 nm. Reprinted with permission 
from Ref.123
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concentration of Li+ in the alkaline electrolyte (0.1 M) compared with neutral and 
acidic electrolytes (0.5 M) results in a remarkable decrease of the NH3 yield rate 
(Table 3.3). It is noted that an anion exchange membrane (AEM) is used for the elec-
trolysis of N2 in the alkaline solution to enable the transport of hydroxide anions 
(OH−) from the cathode to the anode side for stable electrolysis.

CA tests are performed using AuHNCs-715 to determine the ammonia yield rate 
and FE at a series of applied potentials (Figures 3.18a and 3.18b). The highest ammo-
nia yield rate (4.22 μg cm−2 h−1) is obtained at −0.5 V vs. the RHE with the FE of 
17.9%. The higher ammonia yield rate but lower FE at −0.5 V, compared with 
−0.4  V, is due to the compromise between achieving higher current density and 
higher selectivity toward HER. Moving toward more positive potentials than −0.4 V 
and more negative potentials than −0.5 V, both NH3 yield rate and FE decrease, 

FIGURE 3.17  Ammonia yield rate and FE for AuHNSs with various LSPR peak values at 
the potential of −0.4 V vs. RHE in 0.5 M LiClO4 (aq.). Reprinted with permission from Ref.123

TABLE 3.3
Electrochemical Performance of NRR using AuHNCs-715 with Various pH 
Electrolytes at −0.4 V vs. RHE

Electrolyte
NH3 Yield Rate 
(μg cm−2 h−1)

Average Current Density 
at −0.4 V vs. RHE 

(μA cm−2) FE (%)

0.5 M LiClO4 + 0.001 M 
HClO4 (pH = 3)

3.10 ± 0.15 57.1 25.7

0.5 M LiClO4 (pH = 8) 3.74 ± 0.22 49.2 35.9
0.1 M LiOH (pH = 13) 0.71 ± 0.06 46.2 7.2

Reprinted with permission from Ref.123
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consistent with the LSV results, in which selectivity of the electrocatalyst decreases 
toward NRR. The stability of AuHNCs-715 is evaluated for 60 h by conducting 5 
consecutive cycles, each for 12 h, at −0.4 V (Figure 3.18c). The electrocatalyst could 
maintain the continuous NH3 formation with a stable NH3 yield rate and FE 
(Figure 3.18d). In addition, the SEM images before and after the durability test show 
the morphology of supported nanoparticles is reasonably maintained after 60 h of the 
CA test (Figure 3.19). Overall, these findings lead to empirical structure-activity 
trends for ammonia synthesis by an array of hollow Au–Ag nanocatalysts with tun-
able plasmonic properties.123

FIGURE 3.18  (a) Chronoamperometry (CA) results of AuHNCs-715 nm at a series of 
potentials. (b) Ammonia yield rate and FE at various potentials in 0.5 M LiClO4 (aq.). (c) CA 
tests for the stability of the AuHNCs-715 nm at −0.4 V vs. RHE in 0.5 M LiClO4 (aq.). For 
each cycle, a CA test was carried out at −0.4 V vs. RHE for 12 h. (d) Cycling stability results 
of ammonia yield rate and FE on AuHNCs-715 nm. For each cycle, a CA test was carried out 
at −0.4 V vs. RHE in 0.5 M LiClO4 (aq.). Reprinted with permission from Ref.123
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3.6 � THE ROLE OF OXIDATION OF SILVER IN BIMETALLIC GOLD-
SILVER NANOCAGES ON THE ELECTROCATALYTIC ACTIVITY 
OF NRR

The electrocatalyst’s chemical stability during electrochemical NRR is of paramount 
importance when considering the feasibility of electrochemical NRR for industrial 
applications. Therefore, it is essential to investigate the role of possible oxidation of 
an electrocatalyst under reaction conditions. In the case of Au–Ag nanocages, it is 
vital to discern the effect of oxidation of Ag on the selectivity and activity of the 
electrocatalyst toward NRR.125 This also leads to comparing Au and Ag atoms’ active 
sites in the electrocatalyst upon oxidation of Ag. Ag2O–Au nanocages are synthe-
sized through the facile oxidation process to mimic the possible oxidation of Au–Ag 
electrocatalyst at the presence of O2 in the electrolyte during electrochemical NRR.

FIGURE 3.19  The SEM images (a) before and (b) after the durability test. The electrode 
after the test was thoroughly washed with DI water and dried at room temperature before tak-
ing the measurement. Reprinted with permission from Ref.123
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By oxygenating the bimetallic porous Au–Ag nanocages with various LSPR peak 
positions through purging the solution with pure oxygen gas, Ag is oxidized to form 
silver (I) oxide (Ag2O) at room temperature, an extremely stable metal oxide semi-
conductor at ambient conditions. After oxygen treatment of the Au–Ag nanocages, 
the LSPR peak position slightly redshifts (e.g., 9 nm for Au–Ag-635), suggesting the 
formation of Ag2O in the cavity and successful synthesis of Ag2O–Au nanocages 
(Figure 3.20a). Furthermore, the SERS spectrum of Ag2O shows distinct peaks at 
460, 685, 817, 964, 1083 cm−1, which are all attributed to the Ag-O vibrational modes 
(Figure 3.20b). These peaks with a slight shift are observed for Ag2O–Au nanocages, 
while no pronounced SERS peak is observed for the Au–Ag nanocages, further con-
firming the formation of Ag2O after oxygen treatment of Au–Ag nanocages 
(Figure 3.20b).126 The size and density of pores in the walls of hollow Au–Ag nano-
cages are controlled by tuning their LSPR peak position. By increasing the amount 
of Au3+ ions added to the Ag–NCs template, Ag atoms are etched and replaced by Au 
atoms. This results in the LSPR peak position redshift from 635 nm to 715 nm, and 
the pore size at the walls and corners of the nanocages increases (Figures 3.20c and 
3.20e). The pore size and morphology of nanocages did not change significantly after 
the O2 treatment of Au–Ag nanocages (Figures 3.20d and 3.20f).

The detailed information regarding the LSPR peak positions before and after oxy-
gen treatment of bimetallic Au–Ag nanocages and the Au and Ag content of nanopar-
ticles which are determined by ICPES are provided in Table 3.4. Energy dispersive 
X-ray (EDX) spectroscopy was performed on a single nanocage particle to determine 
the shell composition (Figure 3.21 and Table 3.5).127,128 EDX revealed the O (at. %) 
content of Au–Ag nanocages increases after O2 treatment (Table 3.5). Since the areas 
are selected from the shell of nanocages to determine the surface composition, there 
is a discrepancy between EDX and ICPES values obtained from the bulk analysis. 
Before O2 treatment of nanocages, the initial O content is attributed to the chemi-
sorbed oxygen caused by the external –OH group or the water molecule adsorbed on 
the surface (Table 3.5).

The peaks observed at potentials around 0.5 V vs. RHE from CV measurements 
correspond to the reduction of silver (I) oxide in Ag2O–Au-644 and Ag2O–Au-719 
nanocages. These reduction peaks are slightly larger than those using Au–Ag-635 
and Au–Ag-715 nanocages, while the reduction peak for Au oxide at potential around 
1.2 V vs. RHE remained relatively unchanged (Figure 3.22a)123. This observation 
suggests the effective conversion of Ag to Ag2O after O2 treatment of bimetallic Au–
Ag nanocages and successful synthesis of Ag2O–Au with various LSPR peak posi-
tions. This also informs that the O2 treatment of Ag in bimetallic Au–Ag nanocages 
to form Ag2O is more effective than the electrochemical oxidation of Ag.

The selectivity performance of Ag2O–Au nanocages with various LSPR peak 
positions is evaluated toward NRR. The higher current density was achieved for both 
electrocatalysts in N2-saturated electrolyte compared to Ar-saturated electrolyte 
within the potential window of −0.2 V to −0.5 V vs. RHE (Figure 3.22b). In addition, 
within this potential window, the selectivity decreases for both electrocatalysts (i.e., 
Ag2O–Au-644 and Ag2O–Au-719) after O2 treatment of bimetallic Au–Ag nano-
cages (Table 3.6). This reveals the role of Ag in promoting the selectivity toward 
NRR. For instance, at the potential −0.4 V vs. RHE, the selectivity decreases from 
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FIGURE 3.20  (a) UV-vis extinction spectra of bimetallic Au–Ag nanocages with various 
LSPR peak positions before and after O2 treatment. Before O2 treatment, the bimetallic Au–Ag 
nanoparticles have the LSPR peak positions at 635 nm and 715 nm while after O2 treatment 
the LSPR redshifts to 644 nm and 719 nm, suggesting the formation of Ag2O in the cavity 
(Ag2O–Au). (b) SERS spectra of Ag2O, Ag2O–Au-685, and Ag–Au-670 nanoparticles. The 
TEM images of bimetallic Au–Ag nanocages with the LSPR peak position (c) at 635 nm 
before O2 treatment (Au–Ag-635) and (d) at 644 nm after O2 treatment (Ag2O–Au 644). The 
TEM images of bimetallic Au–Ag nanocages with the LSPR peak position (e) at 715 nm 
before O2 treatment (Au–Ag-715) and (f) at 719 nm after O2 treatment (Ag2O–Au-719). 
Reprinted with permission from Ref.125
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TABLE 3.4
Au, Ag Concentrations, Au Content (mass % and Atomic %) of Various 
Hybrid Hollow Plasmonic Nanoparticles that are Determined by ICPES and 
their Corresponding LSPR Peak Position. Atomic Content (at. %) Is 
Calculated using Au and Ag′s Concentrations Divided by the Molar Mass of 
Au (196.97 g mol−1) and Ag (107.87 g mol−1)

Electrocatalyst LSPR (nm)
Au Conc. 
(μg mL−1)

Ag Conc. 
(μg mL−1)

Au Content 
(mass %)

Au Content 
(atom %)

Ag–Au 635 1.2 2.44 33.0 21.2
Ag2O–Au 644
Ag–Au 715 3.91 3.45 53.1 38.3
Ag2O–Au 719

Reprinted with permission from Ref.125

TABLE 3.5
The Shell Composition of Nanocages with various LSPR Peak Positions 
Determined by EDX Spectroscopy

Nanoparticle Ag (at. %) Au (at. %) O (at. %)

Ag–Au-635 73.63 5.96 20.41
Ag2O–Au-644 65.82 5.68 28.50
Ag–Au-715 67.78 10.67 21.55
Ag2O–Au-719 61.69 10.94 27.37

Reprinted with permission from Ref.125

TABLE 3.6
Selectivity Performance of Hybrid Plasmonic Nanoparticles with Various 
LSPR Peak Positions Toward NRR

Electrocatalyst

Potential (V vs. RHE)

−0.3 −0.4 −0.5

Ag–Au-635 52.3 48.7 45.1
Ag2O–Au-644 46.4 36.7   9.1
Ag–Au-715 55.6 65.3 56.3
Ag2O–Au-719 51.7 48.2 32.1

Reprinted with permission from Ref.125
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65.3% to 48.2% after O2 treatment of Au–Ag-715 nanocages to make Ag2O–Au-719. 
Suppose Au atoms were the only active sites for NRR in bimetallic Au–Ag nano-
cages. In that case, the selectivity should remain unchanged after O2 treatment of 
Au–Ag nanocages, as Au is a stable metal catalyst even after oxygenation. Since 
Ag2O is a p-type semiconductor, at the reduction potentials (e.g., −0.4 V vs. RHE) 
for NRR, it acts as a resistor rather than conductor, and therefore it is not an active 
site for NRR. However, Au atoms serve as primary active sites for NRR since for all 

FIGURE 3.21  HRTEM and STEM images of (a) Ag–Au-635, (b) Ag2O–Au-644, (c) Ag–
Au-715, and (d) Ag2O–Au-719 nanocages. Reprinted with permission from Ref.125
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potentials studied, higher selectivity has been achieved using Ag2O–Au-719 com-
pared to Ag2O–Au-644 (Table 3.6). This is attributed to the higher Au content in 
Ag2O–Au-719 compared to Ag2O–Au-644, which were revealed by both ICPES and 
EDX analysis (Tables 3.4 and 3.5). It is important to note that as potential moves 
from −0.3 V to −0.5 V, the selectivity toward NRR decreases from 51.7% to 32.7% 
for Ag2O–Au-719 and from 46.4% to 9.1% for Ag2O–Au-644. Moving toward more 
negative potentials than −0.6 V, HER becomes dominant. To determine the Fermi 
level of Ag2O and better understand its response to the applied potential, Ag2O nano-
cubes are synthesized by O2 treatment of AgNCs at the LSPR peak position of 445 
nm. After O2 treatment, the extinction spectrum dampens, and the LSPR peak posi-
tion redshifts (11 nm), confirming the formation of Ag2O nanocubes (Figure 3.23a). 
Furthermore, the O 1 s profile for Ag nanocubes after O2 treatment is deconvoluted 
into two peaks centered at 531.5 eV and 532.6 eV, which are attributed to the lattice 
oxygen atoms of Ag2O and the chemisorbed oxygen caused by the external –OH 
group or the water molecule adsorbed on the surface (Figure 3.23b).129,130 The latter 
peak is also observed in the O 1 s profile for Ag nanocubes. The Mott–Schottky (MS) 
test determines the flat band potential (Efb) and identifies the semiconductor type of 
Ag2O (Figure 3.23c). The Efb is determined to be 1.31 V vs. RHE. The negative slope 
of the MS curve confirms that Ag2O is a p-type semiconductor. At potentials more 
negative than Efb for a p-type semiconductor such as Ag2O, a depletion region exists. 
At potentials more positive than Efb for a p-type semiconductor, an accumulation 
region arises. In the depletion region for Ag2O (the potential window for NRR is in 
the depletion region of Ag2O), there are a few charge carriers available for charge 
transfer, and therefore electron transfer reactions happen very slowly. This behavior 
of Ag2O is in line with the selectivity performance of Ag2O–Au-644 and 

FIGURE 3.22  (a) Cyclic voltammograms (CV) of Ag2O–Au nanocages with various LSPR 
peak positions in Ar-saturated 0.1 M LiOH (aq.) solution at a scan rate of 50 mV s−1. The CV 
measurements were conducted in the RDE setup at room temperature. (b) LSV tests of Ag2O–Au 
with LSPR peak positions at 644 nm and 719 nm in an Ar and N2 saturated 0.5 M LiClO4 (aq.) 
solution under ambient conditions with the scan rate of 10 mV s−1. Reprinted with permission 
from Ref.125
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Ag2O–Au-719 in which, by sweeping the potential to more negative potentials (more 
negative from Efb), the selectivity toward NRR continuously decreases (Table 3.6). 
The TEM image of solid Ag2O nanocubes reveals Ag nanocubes’ morphology is 
maintained after the O2 treatment of nanoparticles (Figure 3.23d). The ammonia 
yield rate and FE decrease from 1.58 μg cm−2 h−1 and 16.4% to 0.98 μg cm−2 h−1 and 
11.4% after O2 treatment of Au–Ag-635 (Figure 3.24a). Higher ammonia yield rate 
and FE are obtained using Ag2O–Au-719 (2.14 μg cm−2 h−1 and 23.4%) compared to 
Ag2O–Au-644, consistent with the selectivity performance of these two electrocata-
lysts for NRR. Again, these results further confirm that although Ag acts as an active 
site for NRR, it has lower NRR activity than Au atoms. The same trend is observed 
at various applied potentials. The ammonia yield rate and FE decrease after O2 treat-
ment of bimetallic Au–Ag nanoparticles, with the highest ammonia yield rate FE, 
achieved at −0.4 V vs. RHE (Figure 3.24b). It should be emphasized the importance 
of an O2-free electrolyte and careful synthesis and treatment of bimetallic Au–Ag 
nanocages to avoid the formation of Ag2O in the cavity, which causes a significant 
reduction in the electrocatalytic NRR activity.

FIGURE 3.23  (a) UV-vis extinction spectra of AgNCs before and after O2 treatment. (b) O 1 s 
profiles of Ag nanocubes before and after O2 treatment. All spectra were shift corrected using a 
standard reference C1s, C–C peak at 284.8 eV. (c) Mott–Schottky plot of Ag2O. A Mott–Schottky 
plot at a frequency of 1000 Hz was measured in 0.5 M LiClO4 (aq.) solution under the dark 
condition. (d) The TEM image of solid Ag2O nanocubes. Reprinted with permission from Ref.125
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3.7 � INCORPORATING THE TRANSITION METAL INTO 
PLASMONIC NANOCATALYSTS

The rate-determining step kinetics is accelerated on transition metal hydrides, where 
H* species on the catalyst surface directly react with the dissolved nitrogen in the 

electrolyte to form N2Hx.131–133 In addition, a lithium-mediated strategy (Li + �
�e

 Li →
N2

 

Li3N �
�H
 NH3) on the transition metal catalyst could enhance the electrochemical 

NRR activity at low temperatures due to lithium’s unique ability to break the triple 
nitrogen bond, followed by hydrogenation to generate ammonia.134,135 The optimiza-
tion of the structure, morphology, and composition is critical to enhancing the rate of 
electro-reduction of N2 to NH3. It is desired to design a hybrid catalyst by incorporat-
ing catalytic transition metals into plasmonic nanoparticles with high NRR activity.

This new metal must correctly modify the nanoparticles’ electronic structure by 
shifting the d-band center to ensure an adsorbed species’ optimum binding energy on 
the catalyst surface.136 It was demonstrated that the electrochemical NRR takes place 
on the surface of Pd catalyst through the formation of Pd hydrides (PdHx) at low 
overpotentials, followed by surface hydrogenation reactions.133 The formation of 
PdHx could weaken Pd-H bonding (proton adsorption strength on the Pd surface), 
leading to enhanced binding of Pd surface with N2 and N-containing adsorbates.

Since the reduction potential of Pd (~0.65 V vs. RHE) is higher than that of Ag 
(~0.5 V vs. RHE) but lower than that of Au (~1.2 V vs. RHE), Ag can only be replaced 
with Pd in the galvanic replacement process after the addition of Pd salt (K2PdCl4 
(aq.)) in the bimetallic Au–Ag nanostructures template. The red shifting of the LSPR 
peak position of the trimetallic nanostructures indicates either the replacement of Ag 
with Pd or the growth of Pd on Au. The production energy efficiency (ηPEE) of the 
electrolysis system is calculated according to Equation 3.14:

	
�PEE

G for ammonia generation J mol ammonia generated
%� � � � ����    1 mmol

IVdt J

� �
� � �

�100
	

(3.14) 

FIGURE 3.24  (a) Ammonia yield rate and FE for bimetallic Au–Ag nanocages before and 
after O2 treatment with various LSPR peak positions at a potential of −0.4 V vs. RHE in 0.5 M 
LiClO4 (aq.) solution. (b) Ammonia yield rate and FE at various applied potentials in a 0.5 M 
LiClO4 (aq.) solution. Reprinted with permission from Ref.125
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The free energy for NH3 generation (∆G) is 339 kJ mol−1 and ∫IVdt (J) is the elec-
tricity consumed in the process (energy input). Here, V (V) is the full cell potential 
and is calculated according to Equation 3.15:

	 V = (Eanode – Ecathode) + IR	 (3.15) 

The cathode potentials (NRR) were measured in the three-electrode set up for 
each condition.

The anode potential is estimated as the sum of the thermodynamic potential for 
water oxidation (1.23 V vs. RHE) and OER overpotential (~0.45 V on the Pt mesh).137 
The resistance (R) between the anode and the cathode in our setup should be mea-
sured and included in the full cell potential. The ECSA of the catalyst is determined 
from the charge associated with the reduction peak of Pd oxide (PdO) after double-
layer correction and is normalized to the Pd loading on the working electrode and the 
charge density of 424 μC cm−2.

Bimetallic porous Au–Ag nanocages with an LSPR peak position at 650 nm are 
synthesized by the galvanic replacement method by adding HAuCl4 (aq.) solution to 
a solution of solid silver nanocubes (AgNCs) (Figures 3.25a and 3.25b). Trimetallic 
Au–Ag–Pd nanostructures are synthesized by adding K2PdCl4 (aq.) solution to the 
porous bimetallic Au–Ag nanocages dispersed in DI water with the LSPR peak at 
650 nm. The volume of the Pd2+ precursor added to the Au–Ag template, and subse-
quent reduction of Pd2+ to Pd0 (two Ag atoms are replaced with one palladium atom), 
is controlled by measuring the redshift in the LSPR peak positions of nanoparticles. 
As the amount of Pd salt solution increases, the amount of redshift and the LSPR 
bandwidth increases (Figure 3.25a). Excessive addition of Pd salt results in aggrega-
tion and collapsing of the nanocages. The LSPR peak of the resulting trimetallic 
Au–Ag–Pd redshifts from 650 nm to 850 nm; indicating the replacement of the 
remaining Ag atoms in the Au–Ag nanocages with Pd atoms (galvanic replacement) 
or the growth of Pd on Au (Figure 3.25). Due to the lattice mismatch between Pd 

(3.890 A


) and Au (4.079 A


), when Pd2+ precursor is added to the solution of Au–Ag 
nanocages, islands of palladium are formed on the Au surface. By further addition of 
the Pd salt solution, the islands are grown more, building a highly rough and porous 
surface (Figures 3.25c and 3.25d). Scanning transmission electron microscopy 
(STEM) and EDX spectroscopy are performed on a single trimetallic nanostructure 
to determine the structure, the elemental composition, and distribution of Au–Ag–
Pd-750 and Au–Ag–Pd-850 nanoparticles (Figure 3.26). For Au–Ag–Pd-750, Pd 
islands are distributed in the Au–Ag nanocages structure, indicating the successful 
incorporation of Pd into bimetallic Au–Ag nanocages, and the synthesis of trimetal-
lic Au–Ag–Pd nanoparticles (Figures 3.26a–f). By increasing the amount of Pd salt 
solution and red shifting the LSPR peak from 750 nm to 850 nm, a continuous porous 
layer of Pd is formed at the exterior surface of the nanoparticles (Figures 3.26g–l). In 
addition, ICPES measurements reveal that by adding the Pd salt solution into the 
Au–Ag nanocages, the Au content remains relatively unchanged while the Ag con-
tent decreases from 2.68 mg L−1 to 1.35 mg L−1 when the LSPR peak redshifts from 
650 nm to 850 nm (Table 3.7). This indicates that the galvanic replacement of Ag 
atoms with Pd ions is one of the mechanisms for the reduction of Pd2+ to Pd0 in which 
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the concentration of Pd increases to 1.23 mg L−1 and 2.77 mg L−1 as the LSPR peak 
redshifts to 750 nm and 850 nm. The stoichiometric balance between Ag and Pd 
(Pd2+ (aq.) + 2Ag0 (s) → Pd0 (s) + 2Ag+ (aq.)) and the Pd and Ag contents in Table 3.7 
reveal that the reduction of Pd2+ to Pd0 is also accomplished through the layer by 
layer growth on Au atoms (Figure 3.26i).16,138 X-ray photoelectron spectroscopy 
(XPS) results of Au–Ag–Pd-850 nanoparticles reveal a spin-orbit doublet for Au 4f 
at 84.0 eV and 87.7 eV, indicating that the zero-valence state of Au (Au0) is preserved 
after the addition and reduction of the Pd2+ precursor in bimetallic Au–Ag nanocages 
(Figure 3.27a). The Ag 3d doublet energy peaks at 367.9 eV and 373.9 eV slightly 
shifts to lower binding energy (0.2 eV) compared to the Ag 3d doublet in bimetallic 
Au–Ag nanocages; this is attributed to the interaction and charge distribution of 
metallic Ag0 and Pd precursors that occur after galvanic replacement (Figure 3.27b).139 
The Pd 3d spectrum is deconvoluted into two pairs of doublets. The doublet peaks at 
335.8 eV, and 340.8 eV correspond to Pd at zero-valence state, suggesting the suc-
cessful incorporation of Pd0 in the bimetallic Au–Ag nanocages. The doublet peaks 

FIGURE 3.25  (a) UV-vis extinction spectra of silver nanocubes, bimetallic Au–Ag nano-
cages, and trimetallic Au–Ag–Pd nanoparticles with the LSPR peak positions at 750 nm and 
850 nm. TEM images of (b) Au–Ag-650, (c) Au–Ag–Pd-750, and (d) Au–Ag–Pd-850. Silver 
nanocubes with the LSPR peak position at 412 nm are used as a template to synthesize various 
bimetallic and trimetallic nanoparticles. Reproduced with permission from Ref.142
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at higher binding energies and with lower intensities than those of zero-valence Pd 
metal (337.1 eV and 342.5 eV) are attributed to the oxidized Pd states (Pdn+) 
(Figure 3.27c).140 The XRD patterns of Au–Ag–Pd and Au–Ag nanocages indicate 
the presence of metallic Pd, which is evident from the three distinct peaks at higher 
2 angles (40.4o, 46.9o, 68.4o) in Au–Ag–Pd compared to those of the Au–Ag nano-
cages (38.3o, 44.6o, 64.7o) (Figure 3.27d).

The ECSAs of the nanoparticles are normalized to the Pd and Au loading on the 
working electrode, obtained from ICPES measurements (Table 3.7). Au–Ag–Pd-850 

FIGURE 3.26  STEM (a), HRTEM (b), and EDX elemental mapping (c–f) of a representa-
tive single Au–Ag–Pd-750 nanoparticle. STEM (g), HRTEM (h), and EDX elemental map-
ping (i–l) of a representative single Au–Ag–Pd-850 nanoparticle. Reprinted with permission 
from Ref.142
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has a higher surface area (345.4 m2 g−1) compared to the Au–Ag–Pd-750 (291.4 
m2 g−1) (Figure 3.28a and Table 3.7). This can be attributed to the existence of a thick, 
porous layer of Pd at the exterior surface of the Au–Ag–Pd-850 nanoparticles, which 
increases the ECSA for catalytic reactions. It is well known that rough surfaces are 
catalytically more active than smooth surfaces, as atoms present on rough surfaces 
are more thermodynamically active.13,16 The ECSAPd obtained using our trimetallic 
Au–Ag–Pd-850 nanoparticles is approximately five times higher than the ECSAPd of 
the commercial Pd/C catalysts.122,133 Although the reduction peak area of PdO is 
remarkably higher than that of Ag oxide, due to the comparable reduction potentials 
of these two metal oxides, the reduction peak area of Ag oxide is subtracted from the 
actual reduction peak area centered at around 0.5 V vs. RHE to determine the ECSAPd 
(Figure 3.28a). The observed negative shift in the electrochemical reduction of PdO 
(0.1 V) in our trimetallic nanostructures, compared to the pure Pd, is attributed to the 
slight alloying of Pd and Ag at their interface during the galvanic replacement reac-
tion.141 The ECSAsAu of trimetallic Au–Ag–Pd nanoparticles is comparable (0.93) to 

FIGURE 3.27  XPS spectra of (a) Au 4f, (b) Ag 3d, and (c) Pd 3d of Au–Ag–Pd-850 nanopar-
ticles. All spectra were shift corrected using a standard reference C1s, C–C peak at 284.8 eV. 
(d) XRD pattern of Au–Ag and Au–Ag–Pd nanocages. The Pd diffraction peaks shift to higher 
2θ angles due to the smaller lattice parameter (3.890 Å) compared to those of the Au (4.079 Å) 
and Ag (4.086 Å). Reprinted with permission from Ref.142
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TABLE 3.7
Au, Ag, and Pd Concentrations of Nanoparticles are Determined by ICPES. 
The electrochemical Surface Areas (ECSA) of Nanoparticles are Determined 
based on the Reduction Peak of Au Oxide and PdO during CV Measurements 
in Ar-saturated 0.1 M LiOH Solution at a Scan Rate of 50 mV s−1

Catalyst
Ag Conc. 
(μg mL−1)

Au Conc. 
(μg mL−1)

Pd Conc. 
(μg mL−1)

Au 
Content 
(at. %)

Pd 
Content 
(at. %)

ECSAAu 
(m2 g−1)

ECSAPd 
(m2 
g−1)

Au–Ag-650 2.68 1.32 NA 21.25 NA 23.3 NA
Au–Ag–Pd-750 1.88 1.31 1.23 18.66 32.43 20.8 291.4
Au–Ag–Pd-850 1.35 1.29 2.77 14.52 57.72 22.2 345.4

Reprinted with permission from Ref.142

FIGURE 3.28  (a) Cyclic voltammograms (CV) of Au–Ag–Pd-750 and Au–Ag–Pd-850 in 
Ar-saturated 0.1 M LiOH (aq.) at a scan rate of 50 mV s−1. The CV measurements were con-
ducted in the RDE setup at the stagnant electrode condition at room temperature. (b) LSV of 
various catalysts in N2-saturated 0.5 LiClO4 (aq.). (c) LSV tests of Au–Ag–Pd-750 and Au–
Ag–Pd-850 in an Ar- and N2-saturated 0.5 M LiClO4 (aq.) under ambient conditions with the 
scan rate of 10 mV s−1. Reprinted with permission from Ref.142



https://www.twirpx.org & http://chemistry-chemists.com

54� Photo-Electrochemical Ammonia Synthesis

the ECSAsAu of bimetallic Au–Ag nanocages (Table 3.7). This indicates that the 
incorporation of Pd in bimetallic Au–Ag nanocages does not result in blocking the 
Au active sites for electrochemical NRR and confirms the preservation of the hollow 
structure in trimetallic nanoparticles where Au, Ag, and Pd can act as catalytically 
active centers for the reaction.

A remarkably higher current density is achieved using Au–Ag–Pd-750 and Au–
Ag–Pd-850 nanoparticles compared to the bimetallic Au–Ag-715 nanocages 
(Figure 3.28b). For instance, at an applied potential of −0.3 V vs. RHE, the current 
density increases 4.8 and 3.7 times for Au–Ag–Pd-850 and Au–Ag–Pd-750 com-
pared to the Au–Ag-715. This observation is consistent with significantly higher 
ECSAPd compared to the ECSAAu (Table 3.7) in trimetallic Au–Ag–Pd nanoparti-
cles, which provides more active sites for nitrogen adsorption and reduction. 
Although achieving high current density at low overpotentials does not necessarily 
indicate the high selectivity and activity of an electrocatalyst toward NRR, it is the 
primary step toward the high production rate that is mandatory for reaching the over-
arching goal of commercializing electrochemical NRR for sustainable ammonia 
production.

The higher current density was achieved in N2-saturated electrolyte compared, to 
the Ar-saturated electrolyte, for both electrocatalysts (i.e., Au–Ag–Pd-750 and Au–
Ag–Pd-850) within the wide potential window (Figure 3.28c). Unlike the bimetallic 
Au–Ag nanocages demonstrated in previous chapters, the selectivity performance of 
electrocatalysts improves at low overpotentials (0 to −0.3 V vs. RHE) toward NRR 
after the incorporation of Pd into the bimetallic Au–Ag nanocages (Figure 3.28c). In 
addition, both electrocatalysts are selective toward NRR until the high negative 
potential of −0.75 V vs. RHE, even with an enhanced current density that is achieved 
using trimetallic nanostructures. This expands the selectivity of an electrocatalyst 
toward NRR in negative potentials by 0.15 V over that of Au–Ag nanocages. Moving 
toward more negative potentials than −0.75 V, a HER becomes dominant. The poten-
tial window of −0.3 to −0.5 V vs. RHE, is a compromise of obtaining high current 
density and selectivity. It is important to note that achieving a high current density for 
NRR is crucial to decrease the capital cost, leading to the commercialization of elec-
trochemical NRR. At all three applied potentials, the selectivity is higher for Au–Ag–
Pd-850 than for the Au–Ag–Pd-750; this is attributed to the higher Pd content and 
lower Ag content of Au–Ag–Pd-850 nanoparticles. Even though the selectivity is not 
substantially higher in trimetallic Au–Ag–Pd nanostructures than in the bimetallic 
Au–Ag nanocages, due to the enhanced current density obtained (IN2) using Au–Ag–
Pd nanoparticles, the corresponding current density toward NRR (IN2–IAr) is much 
more pronounced after incorporation of Pd into Au–Ag nanocages. The analysis of 
the sample solution after CA measurements revealed that the highest ammonia yield 
rate (13.74 μg cm−2 h−1) is obtained at −0.4 V corresponding to an FE of 44.11% 
while the highest FE (48.94%) is achieved at −0.3 V (ammonia yield rate = 5.80 μg 
cm−2 h−1) using Au–Ag–Pd-850 (Figure 3.29a and 3.29b). The higher ammonia yield 
rate but lower FE at −0.4 V, compared with −0.3 V, is attributed to the compromise 
between increasing current density and competitive selectivity toward HER rather 
than NRR. For all potentials tested, both the NH3 yield rate and the FE are higher 
when Au–Ag–Pd-850 is used than when Au–Ag–Pd-750 is used. This result suggests 
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FIGURE 3.29  (a) CA results of Au–Ag–Pd-750 and Au–Ag–Pd-850 nanocatalysts at a 
series of potentials. (b) Ammonia yield rate and FE at various potentials in 0.5 M LiClO4 (aq.) 
solution using Au–Ag–Pd-750 and Au–Ag–Pd-850 nanocatalysts. (c) Production energy effi-
ciency and energy input at various applied potentials using Au–Ag–Pd-750 and Au–Ag–
Pd-850 nanocatalysts. The intense bars (black bars show production energy efficiency and 
blue bars show energy input) represent Au–Ag–Pd-750 and the medium bars represent Au–
Ag–Pd-850. (d) CA test for the stability of the Au–Ag–Pd-850 at −0.4 V vs. RHE in 0.5 M 
LiClO4 (aq.) solution. (e) 1H NMR spectra of samples after electrochemical 15N2 (14N2) reduc-
tion reaction at −0.4 V vs. RHE for 4 h in 0.5 M LiClO4 (aq.) solution. Reprinted with permis-
sion from Ref.142
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that Pd content and ECSAPd of nanoparticles have a role in promoting the electro-
catalytic NRR activity (Figure 3.29b). In addition, greater Pd content in Au–Ag–
Pd-850 compared to that of Au–Ag–Pd-750 results in an upshift of the d-band center 
(E – Ef) from −4.45 eV to −3.73 eV, which was determined via ultraviolet photoelec-
tron spectroscopy (UPS) measurements (Figures 3.30a and 3.30b). This leads to 
improved binding strength of N-containing adsorbates with the catalyst surface, 
which is a crucial step for engineering selective and active NRR catalysts in an aque-
ous solution where selectivity is a major challenge.

Production energy efficiency (%) and energy input (MWh Elec./ton NH3) are critical 
parameters in evaluating the performance of the N2 electrolysis system105,142. The 
highest production energy efficiency (28.9%) is achieved using Au–Ag–Pd-850 at 
−0.3 V, which corresponds to the electrical energy input of 19.1 MWh Elec./ton NH3. 
Moving toward more negative potentials, the production energy efficiency decreases 
to 24.8% at −0.4 V and 8.3% at −0.5 V, mainly due to the significant increase in cur-
rent density at more negative potentials, which increases the electrical energy input 
(Figure 3.29c). It is noted that the increase in the production energy efficiency is in 
line with the decrease in the electrical energy input for various applied bias. Similar 
to the electrocatalytic NRR activity results (Figure 3.29b), both production energy 
efficiency and energy input deteriorate for Au–Ag–Pd-750 compared to Au–Ag–
Pd-850, in various applied potentials (Figure 3.29c). A significant portion of the 
input electrical energy (>75%) for all conditions is consumed at the anode side, 
where oxygen evolution reaction (OER) takes place. Alternative use of organic-based 
electrolytes (e.g., glycerol) in the anodic half-reaction could remarkably lower the 
electricity consumption.143 It is worth mentioning that the state-of-the-art thermo-
chemical process (Haber–Bosch) for ammonia synthesis consumes the energy of 
7.8 MWh Elec./ton NH3 (based on natural gas), and the target production energy effi-
ciency of advanced research projects agency-energy (ARPA-E) program (REFUEL) 

FIGURE 3.30  UPS spectra of trimetallic Au–Ag–Pd nanoparticles. (a) The secondary elec-
tron cut-off (Ecut-off) and (b) the Fermi edge (EFE) are measured with He1 (21.22 eV) source 
radiation. The work function (∅) is calculated by 21.21 eV – (Ecut-off – EFE). The ∅ of Au–Ag–
Pd-750 and Au–Ag–Pd-850 nanoparticles are determined to be 4.45 and 3.73 eV. Reprinted 
with permission from Ref.142
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for electrochemical fuel production is greater than 60%36,144. The electrocatalyst 
could maintain the NH3 yield rate (13.62 μg cm−2 h−1) and FE (43.5%) over 72 h, 
which is very close to the NRR activity of the catalyst in the initial 12 h test (Figures 
3.29d and 3.31a). This performance corresponds to the turnover frequency (TOF) of 
59 h−1 as per active Pd, Au, and Ag sites. The turnover number (TON) per active Pd, 
Au, and Ag sites in trimetallic nanoparticles is determined by dividing the total moles 
of ammonia produced within 72 h to the total moles of active sites (e.g., Pd, Au, and 
Ag) according to Equation 3.16:

	 TON
N

N N N
ammonia

Pd Au Ag

�
� �

	 (3.16) 

The concentration of each element in the nanoparticle is provided in Table 3.7. By 
dividing the concentration of each atom by the molecular weight, the concentration 
with the unit of mol L−1 is obtained. The volume of the nanoparticle drop-casted on 
the substrate is 300 μL.

	 N
mgL

mgmol
L molPd � �

� � � �
�

�
� �2 77

106 42 1000
300 10 7 81 10

1

1
6 9.

.
. 	 (3.17) 

	 N
mgL

mgmol
L molAu � �

� � � �
�

�
� �1 29

196 97 1000
300 10 1 965 10

1

1
6 9.

.
. 	 (3.18) 

	 N
mgL

mgmol
L molAg � �

� � � �
�

�
� �1 35

107 87 1000
300 10 3 755 10

1

1
6 9.

.
. 	 (3.19) 

The total mole of active sites is:

Ntotal = NPd + NAu + NAg = 7.81 × 10−9 + 1.965 × 10−9 + 3.755 × 10−9 

	    = 1.353 × 10−8 mol	 (3.20) 

It is important to note that this calculation is valid with the assumption that all Pd, 
Au, Ag atoms are fully converted by aqua regia (HCl + HNO3 (3:1) vol. %) to their 
ionic form for the ICPES measurement.

The total amount of ammonia produced using Au–Ag–Pd-850 nanoparticles over 
72 h is:

	 N
g h cm

gmol
molammonia �

� �
�

� �
� �

�
�13 62 72 1

17 10
5 77 10

2 1 2

6 1
5.

.
� cm h

�
oof NH3	 (3.21) 

The TON within 72 h is:

	 TON
mol of NH

mol of active sites
� �

�
�

�

�
5 77 10

1 353 10
4264 6

5
3

8

.
.

.
  

	 (3.22) 
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The TOF is defined as TON per unit time, which is given by:

	 TOF h� �4264 6
72

59 1.
~ 	 (3.23) 

Extensive control experiments must be carried out to understand the source of ammo-
nia formation in the electrochemical system.145–147 Control experiments (i.e., Ar, N2 
at OCV, N2 with no catalyst) yield remarkably smaller amounts of NH3 (Ar: 7.3% of 
N2, N2 at OCV: 6.1% of N2, N2 with no catalyst: 2.5% of N2) (Figure 3.31b). The 
amount of ammonia produced in an isotopic labeling experiment using 15N2 gas after 
a 4 h electrolysis test is close to that of 14N2 (73.6 μM, 91% of 14N2) (Figure 3.31c). 
Furthermore, the doublet and triplet couplings of 15N2 and 14N2 obtained from 1H 
NMR measurement confirms that the supplied N2 is the major source of ammonia 
formation in the system (Figure 3.29e). The amounts of ammonia measured using 1H 

FIGURE 3.31  (a) UV-vis absorption spectra of 0.5 M LiClO4 (aq.) solution after electrolysis 
at −0.4 V vs. RHE for 12 h using Au–Ag–Pd-850 nanoparticles obtained with indophenol blue 
method in various operating conditions (i.e., N2, Ar, N2 at OCV, N2 with no catalyst). (b) 
UV-vis absorption spectra of 0.5 M LiClO4 (aq.) solution after electrochemical NRR with 14N2 
and 15N2 at −0.4 V vs. RHE for 4 h. (c) UV-vis absorption spectrum of 0.5 M LiClO4 (aq.) 
solution after 72 h stability test at −0.4 V vs. RHE. Reprinted with permission from Ref.142
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NMR are similar to the indophenol method (71.9 μM for 15N2 and 78.4 μM for 14N2). 
The TEM images after the stability test show the minor morphology change of 
nanoparticles after 72 h of the CA test (Figures 3.32a and 3.32b). Overall, it is essen-
tial to engineer the morphology and composition of nanocatalysts to improve the 
electrocatalytic NRR activity.

FIGURE 3.32  The TEM images (a) before and (b) after the electrocatalytic NRR stability 
test (72 h at −0.4 V vs. RHE in 0.5 M LiClO4 (aq.) solution). Reprinted with permission from 
Ref.142
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Electrochemical Reactor 
Design

4.1 � INTRODUCTION

The electrochemical cell configuration is of paramount importance for conducting 
electrochemical conversion of N2 to NH3. Electrochemical designs are typically cat-
egorized as the single-chamber cell, double chamber cell (H-type cell), the mem-
brane electrode assembly (MEA)-type cell. In 1968, Van Temelen et al. performed 
electrocatalytic N2 conversion to NH3 in a single compartment cell.148 Various cell 
designs can be employed for electrochemical ammonia synthesis, which is distin-
guished by apparatuses, electrolytes, catalysts, and reaction parameters.149 This chap-
ter briefly discusses each electrochemical configuration for NRR, and the benefits 
and drawbacks of each design will be highlighted.

4.2 � SINGLE CHAMBER CELL

Single chamber cells can utilize solid electrolytes (e.g., solid oxides) with a good 
proton or ion conductivity in an H2 atmosphere. The solid electrolytes operating at 
high temperatures and atmospheric pressure. In this system, the H2 is converted into 
H+ at the anode, and the high H+ flux is obtained at high temperatures (i.e., 570 °C) 
and then transferred to the cathode through the SrCe0.95Yb0.05O3 solid electrolyte to 
drive the N2 reduction reaction (Figure 4.1a).150 This design’s major drawbacks are 
high energy requirement for ammonia synthesis and NH3 decomposition at high tem-
peratures. NRR can also be achieved in molten-salt-based systems (e.g., 0.5 
NaOH+0.5 M KOH electrolytes) at temperatures as high as 200 °C (Figure 4.1b).90,151 
Liquid-phase electrolytes in the single compartment cell have also received attention, 
enabling the production of ammonia under ambient conditions. The liquid electro-
lytes can be acid (e.g., HCl, H2SO4), alkaline (e.g., KOH, NaOH), and neutral solu-
tion (e.g., LiClO4). A report demonstrated a high-pressure single chamber cell, where 
an H2SO4 solution is introduced into the methanol/LiClO4 liquid electrolyte to pro-
vide a proton source (Figure 4.1c). The system operates at room temperature and 
high pressure of 50 bar to produce ammonia.152 Single chamber cells can be adopted 
at room temperature and atmospheric pressure to synthesize NH3. Careful attention 
should be paid to the choice of electrolyte’s pH as each electrolyte has its advantages 
and disadvantages. For instance, acidic electrolytes might help provide a proton 
source for NRR; however, this acidic condition may also facilitate the competing 
hydrogen evolution reaction.133,153 Ionic liquids (ILs) have been utilized to enhance 
ammonia yield, and the Faradaic efficiency in electrocatalytic NRR. ILs have shown 
higher N2 solubility, nonvolatility, and robustness (Figure 4.1d).154 Even though sin-
gle chamber cells have been widely used for electrocatalytic NRR, they have inherent 

4
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limitations, including the mono experiment conditions for the anode and the cathode 
(e.g., operating pressure and temperature) and the possible diffusion of ammonia 
products to the anode, leading the oxidation of ammonia. This may limit the wide-
spread adoption of a single-chamber cell for electrochemical ammonia synthesis.

4.3 � TWO COMPARTMENT CELLS (H-TYPE CELLS)

In single-cell systems, both oxidation and reduction reactions occur in the same cell. 
The produced ammonia is susceptible to oxidation at the anode in this system. 
Separating the cathode and anode into two divided chambers (referred to as H-cell) 

FIGURE 4.1  (a) Schematic diagram of a solid electrolyte single chamber cell for N2 conver-
sion to NH3. Reproduced with permission from Ref.150 (b) The electrochemical reactor for 
NH3 synthesis from N2 and steam in molten NaOH-KOH electrolyte with nano-Fe2O3 suspen-
sion. Reproduced with permission from Ref.90 (c) High-pressure single chamber cell for elec-
trocatalytic NRR, which operates at room temperature and 50-bar pressure using methanol/
LiClO4 liquid electrolytes and H2SO4 as a proton source. Reproduced with permission from 
Ref.152 (d) Schematic of the NRR electrochemical cell, where C.E., R.E., and W.E. represents 
counter electrode, reference electrode, and the working electrode, respectively. Reproduced 
with permission from Ref.154
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is an effective way to address the deficiencies of single-chamber cells and improve 
the catalytic performance of NRR. In H-cells two compartments are separated by a 
proton exchange membrane (PEM) or an anion exchange membrane (AEM). 
A  catalyst-coated substrate is used as the working electrode on the cathode side, 
while silver/silver chloride (Ag/AgCl) is the standard choice for the reference elec-
trode. Pt mesh or foil and graphite rod are often used as the counter electrode 
(Figure 4.2a). As the reaction proceeds, the produced protons or hydroxide ions are 
transported across the PEM or AEM to balance the redox reactions under ambient 
catalytic conditions. The majority of the produced NH3 is in the form of NH4

+ in 
aqueous solutions, which cannot pass through the membranes, avoiding the oxida-
tion and loss of products as occurs in single-chamber cells. Therefore, it is critical to 
select suitable membranes to minimize the NH3/NH4

+ products’ crossover and mea-
sure the total NH3 concentration in electrolytes from both anodic and cathodic cham-
bers since a portion of products may still transfer through the membrane to the anode 
chamber. In addition, as membrane prevents species crossover, the electrolytes in 
two compartments can be different. This offers an opportunity to optimize redox 
reaction environments. For instance, in two compartments cell, a bi-electrolyte sys-
tem in which LiCl/ethylenediamine (EDA) was selected as the cathodic electrolyte, 
and H2SO4 solution were chosen as the anodic electrolyte (Figure 4.2b).155 This 
allowed a remarkable improvement in the Faradaic efficiency (FE) of 17.2% com-
pared to the case, where 2-propanol was used as the electrolyte with an FE < 1%.156 
This is due to the EDA electrolyte’s synergistic effect, which suppressed hydrogen 
evolution reaction (HER) at the cathodic compartment, and the H2SO4 electrolyte 
provides sufficient protons.

FIGURE 4.2  (a) Schematic diagram of an electrochemical H-cell for NRR. There are two 
compartments (anodic and cathodic) that are separated by a proton exchange membrane. 
Protons produced at the anode are transported across the membrane to the cathode where NRR 
occurs. (b) Schematic diagram of a double chamber cell with 0.1 m LiCl/EDA filled in the 
cathode chamber and 0.05 m H2SO4 filled in the anode chamber. A cation exchange membrane 
separates the two chambers. Reproduced with permission from Ref.155
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4.4 � MEMBRANE ELECTRODE ASSEMBLY (MEA)-TYPE CELL

The MEA contains a catalyst layer, a membrane, a gas diffusion layer (GDL), and cur-
rent collectors (Figure 4.3a). Depending upon the reaction conditions, the membrane can 
be proton-conducting (e.g., acidic or neutral conditions) or hydroxide-conducting layers 
(e.g., basic environment). For instance, electrocatalytic NRR was conducted in an anion 
exchange membrane (AEM) cell with an electrode made of γ-Fe2O3 nanoparticles on 
porous carbon paper using 0.5 M KOH as the electrolyte to suppress HER (Figure 4.3b).157 
In the alkaline environment, N2 directly reacts with water to produce ammonia, and 
hydroxide ions are transported across the AEM from the cathodic part to the anodic part, 
where they are oxidized to produce water according to the following reactions:

	 N H O e NH OH E VRHE
o

2 2 36 6 2 6 0 059� � � � �� �, . 	 (4.1) 

	 6
3
2

3 6 1 232 2OH O H O e E VRHE
o� �� � � �, . 	 (4.2) 

FIGURE 4.3  (a) Schematic illustration of the MEA-type cell for gas-phase electrochemical 
ammonia synthesis. The cell consists of a membrane, catalyst layers, gas diffusion layers, and 
current collectors. Reproduced with permission from Ref.122 (b) Schematic of electrochemical 
synthesis of NH3 in an anion-exchange-membrane-based electrolyzer. A photographic image 
of the actual device is shown in the inset. In this cell, AEM is used to facilitate the transport of 
hydroxide ions across the membrane. Reproduced with permission from Ref.157 (c) Schematic 
view of the electrocatalytic flow reactor for ammonia synthesis, with the cathode cell operat-
ing under electrolyte-less conditions (gas phase). PEM indicates proton exchange membrane. 
Reproduced with permission from Ref.84
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In the MEA-type cell, the redox reactions take place in the gas-phase conditions, 
where N2 and H2 or water vapor can be directly fed into the system, where the gas-
eous reactant, catalyst, and membrane meet.158 This also allows overcoming the 
transport limitation due to the low solubility of N2 in the aqueous electrolyte. The 
semi gas-phase system was demonstrated with half the cell in the liquid phase and 
the other half in the gas phase.84 In this electrochemical setup, N2 gas is directly flow-
ing over the catalyst (Ru/carbon nanotubes (CNT)) without electrolytes, and the 
anode chamber is operated in KHCO3 electrolyte to produce protons. The PEM-type 
membrane separates the chambers. This design enables the relatively easy separation 
of ammonia products from the gas stream.

Electrochemical systems can be directly integrated with light sources, leading to 
the development of the photoelectrochemical system. A typical photoelectrochemical 
system contains a light source, a reaction cell, and a three-electrode system with a 
catalyst-coated substrate responsive to the incident light as the working electrode, 
reference electrode, and counter electrode.159,160 The photoelectrochemical reduction 
of N2 occurs at the working electrode’s surface (photocathode), and the water oxida-
tion reaction occurs at the counter electrode. The reaction cells used in photoelectro-
chemical systems can be either single chamber cells160,161 or H-cells.162,163

4.5 � COMPARISON OF LIQUID- AND GAS-PHASE SYSTEMS FOR 
ELECTROCHEMICAL AMMONIA SYNTHESIS

Cost-effective production of ammonia via electrochemical NRR hinges on N2 elec-
trolysis at high current densities with suitable selectivity and activity. Gas-phase and 
liquid-phase electrochemical cells are primary cell configurations for ammonia synthe-
sis under ambient conditions. While the gas-phase cell has lower ohmic losses and 
higher energy efficiency, the liquid-phase cell achieved higher selectivity and Faradaic 
efficiency, attributed to the presence of concentrated N2 molecules dissolved in an 
aqueous electrolyte and the hydration effects. This section highlights the importance of 
design and optimization of cell configuration in addition to the modification of the cata-
lyst to achieve high-performance N2 electrolysis for ammonia synthesis. For small-
scale and distributed ammonia synthesis reactors, an integrated system by coupling a 
photovoltaic (PV) cell to an electrochemical cell or a single photoelectrochemical 
device can be developed for solar-fuel based applications.164–168 One of the challenges 
in electrochemical ammonia synthesis is finding catalysts that have a suitable activity 
for breaking N2 triple bond in aqueous media under ambient conditions.95–97,99 
Improving the design of electrocatalysts, electrolytes, and electrochemical cells is 
required to overcome the selectivity and activity barrier in electrochemical NRR.80,169 
Prior studies on electrochemical NRR have focused on designing new electrocatalysts 
at low operating current densities (typically <200 μA cm−2) with an enhanced N2 selec-
tivity in aqueous solutions or ionic liquids.111,112,114,121,123,142,149,154,170,171 While nonaque-
ous solvents have been shown to suppress the HER and to improve the NRR Faradaic 
efficiency; they suffer from poor electrolyte conductivity and low energy efficie
ncy.109,172,173 To realize the commercialization of the electrochemical NRR process, N2 
electrolysis must be achieved at high current densities with high selectivity and activity. 
In addition to the design and optimization of electrocatalysts and electrolytes, another 
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path to developing commercial NRR processes is designing electrochemical cells with 
low ohmic resistance. This translates to the facilitation of reactants’ interactions with 
the electrode surface. Fuel cell-type electrochemical cells that consists of a MEA and 
GDLs have been shown to enable gas-phase NH3 synthesis from N2 and H2.122,158 It has 
been demonstrated that the kinetics of the rate-determining step in NRR (N2

* → N2H*) 
is accelerated on transition metal hydrides, where H* species on the catalyst surface 
directly react with the dissolved nitrogen in the electrolyte to form N2H*.132,133,174 The 
presence of Li+ cations in the electrolyte enhances the electrochemical NRR due to the 
strong interaction of Li+–N2 and the ability of Li+ to suppress the HER process by limit-
ing the access of water molecules to the electrode surface.85,116,175

N2 electrolysis for ammonia synthesis was studied using porous bimetallic Pd–Ag 
nanoparticles as an electrocatalyst in both a fuel cell type electrochemical cell 
(gas-phase) and H‑cell (liquid-phase) at current densities above 1 mA cm−2 under 
ambient conditions.176 Reactants in the liquid phase are N2 and H2O in a 0.5 M LiClO4 
(aq.) electrolyte, and gaseous N2 and H2 are reacted at the cathode and anode in the 
gas-phase system. A recent study found that increasing the Pd content (up to a Pd 
content of 57.7% at.) in porous trimetallic Au–Ag–Pd nanoparticles increases the 
electrocatalytic NRR activity.142 Synthesizing porous bimetallic Pd–Ag nanoparticles 
that allow the Pd content to be increased to 80% while maintaining the nanostruc-
ture’s porosity is hypothesized to increase the NRR activity.

Porous bimetallic Pd–Ag nanoparticles are synthesized by adding K2PdCl4 (aq.) 
solution to solid silver nanocubes (AgNCs) dispersed in DI water that has a localized 
surface plasmon resonance (LSPR) peak position at 412 nm (Figures 4.4a and 4.4b).16 
As the amount of Pd2+ precursor increases, the LSPR peak position redshifts, and the 
peak bandwidth increases (Figure 4.4a). PdNCs show only a background spectrum 
formed by d to d electron transitions (an interband transition spectrum). The redshift 
of the LSPR peak is due to the change in the shape of AgNCs as well as the change 
in the dielectric constant of the surrounding medium, resulting from the replacement 
of the Ag atoms in the AgNCs with Pd atoms (galvanic replacement) or the growth of 
Pd on Ag (Figure 4.4b). Due to the lattice mismatch between Pd (3.890A



) and Ag 
(4.086A



), when the Pd2+ precursor is added to the solution of AgNCs, islands of pal-
ladium are formed on the Ag surface. Further addition of Pd salt solution causes the 
islands to grow and create a rough and porous surface layer (Figure 4.4c and 4.4d). 
High-resolution transmission electron microscopy (HRTEM) shows lattice spacings 
of 0.232 nm and 0.224 nm, which correspond to the (111) lattice plane of the face-
centered cubic (FCC) structure Ag and Pd (Figure 4.4c).

Scanning transmission electron microscopy (STEM) and energy dispersive X-ray 
(EDX) spectroscopy determine the structure, the elemental composition, and the 
distribution of Pd–Ag nanoparticles. The reduction of Pd2+ to Pdo is accomplished 
through two different mechanisms. The galvanic replacement process leads to the 
formation of a hollow Pd–Ag nanostructure. The second mechanism is an island-
growth mode that creates a continuous porous layer of Pd on Ag at the exterior sur-
face (Figure 4.4e–g). The resulting nanoparticles achieved a Pd content of 81.2%.

The electrochemical surface area of Pd (ECSAPd) in the Pd–Ag nanoparticles is 
determined to be 277.5 m2 g−1, which is approximately four times higher than that of 
commercial Pd/C catalysts.176 In a wide potential window (−0.7 < E < 0) from LSV 
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tests, a higher current density at a given potential is achieved in the N2-saturated elec-
trolyte (Figure 4.5a). At high negative potentials where HER becomes dominant, the 
N2-saturated electrolyte has a higher current density than an Ar-saturated electrolyte, 
indicating that electrochemical NRR at higher current densities (in the order of mil-
liamperes per centimeter squared) is feasible. CA tests are performed at a series of 
applied potentials using Pd–Ag nanoparticles to determine the ammonia yield rate 
and FE (Figures 4.5b and 4.5c). As the potential becomes more negative, the ammo-
nia yield rate increases, reaching a maximum at −0.6 V (45.6 ± 3.7 μg cm−2 h−1), 

FIGURE 4.4  (a) UV--vis extinction spectra of silver nanocubes and bimetallic Pd − Ag 
nanocages with various amounts of Pd salt added. The LSPR peak of AgNCs shifts to red and 
becomes broader as the amount of Pd salt increases. TEM images of (b) Bimetallic Pd − Ag 
nanocages, (c) HRTEM image of Pd − Ag nanocages, (d) STEM, and (e–g) EDX elemental 
mapping of a representative single bimetallic Pd − Ag nanoparticle. Silver nanocubes with the 
LSPR peak position at 412 nm are used as a template to synthesize various bimetallic nanopar-
ticles. Reprinted with permission from Ref.176 Copyright 2020, American Chemical Society.
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which corresponds to an FE of 19.6%. The NRR activity of different Pd-based cata-
lysts is presented in Table 4.1. The FE at −0.6 V was lower than other applied poten-
tials due to the compromise between increasing current density and competitive 
selectivity toward HER rather than NRR. The work function (Φ) of Pd–Ag 

FIGURE 4.5  (a) LSV tests of Pd − Ag nanoparticles in an Ar- and N2-saturated 0.5 M 
LiClO4 (aq.) under ambient conditions with a scan rate of 10 mV s−1. (b) CA results of Pd − Ag 
nanoparticles at a series of applied potentials. (c) Ammonia yield rate and FE at various 
applied potentials in 0.5 M LiClO4 (aq.) solution using Pd − Ag nanoparticles. (d) Production 
energy efficiency and energy input at various applied potentials using Pd − Ag nanoparticles. 
(e) CA tests for the stability of Pd − Ag nanoparticles at −0.6 V vs. RHE in a 0.5 M LiClO4 
(aq.) solution. For each cycle, a CA test was carried out at−0.6 V vs. RHE for 12 h. (e) Cycling 
stability results of the ammonia yield rate and FE on Pd − Ag nanoparticles. Reprinted with 
permission from Ref.176 Copyright 2020, American Chemical Society.
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nanoparticles is 4.54 eV, which is measured via ultraviolet photoelectron spectros-
copy (UPS).176 The downshift in the d-band center (E – Ef) of Pd–Ag nanoparticles 
(−4.54 eV) compared to that of trimetallic Au–Ag–Pd nanoparticles (−3.73 eV) in 
the previous report resulted in lower selectivity of N-containing adsorbates on the 
catalyst surface and therefore lower FE for Pd–Ag nanoparticles compared to the 
trimetallic Au–Ag–Pd nanoparticles.142 However, due to the enhanced ECSAPd and 
higher Pd content (81.2% at.), higher current densities and ammonia yield rates were 
observed using Pd–Ag nanoparticles. A production energy efficiency of 9.9% is 
achieved at −0.6 V, which corresponds to the electrical energy input of 56.2 MWh per 
ton of ammonia (Figure 4.5d). Most input electrical energy (>70%) is consumed at 
the anode side, where the oxygen evolution reaction (OER) takes place, which is 
added to additional ohmic losses (e.g., electrode and electrolyte resistances) in the 
liquid-phase system. The OER has a high thermodynamic potential (1.23 V) and 
sluggish reaction kinetics, resulting in a total cell potential higher than 2.0 V with the 
oxygen gas as a product that may be discharged and wasted. A CA test is performed 
at −0.6 V for 72 h by conducting six consecutive cycles, each for 12 h, to evaluate 
Pd–Ag nanoparticles’ stability (Figure 4.5e). The electrocatalyst could maintain con-
tinuous NH3 formation with an average NH3 yield rate of 43.23 μg cm−2 h−1 and FE 
of 19.4% (Figure 4.5f). The turnover frequency (TOF) is 147 h−1 as per active Pd and 
Ag sites.176 Before and after the stability test, SEM images reveal that the nanoparti-
cles are still anchored to the substrate and are not washed away in the long-term 
experiment under stirring and applied bias (Figures 4.6a and 4.6b). TEM images after 
the stability test show minor morphology changes of the nanoparticles after 72 h of 
the CA test (Figures 4.6c and 4.6d). A monolayer of nanoparticles on a Si substrate is 
prepared via the Langmuir-Blodgett (LB) technique to evaluate the mechanical sta-
bility of hollow nanoparticles (Figure 4.7). LB technique was used to prepare a uni-
form monolayer of Pd–Ag nanoparticles on the substrate for the atomic force 
microscopy (AFM) measurement.177 In this technique, Pd–Ag nanoparticles were 
dispersed in the ethanol:chloroform (2.5:1 vol. %) solvent, which is immiscible with 
the denser sublayer liquid (i.e., water) filling the LB trough. The surface tension of 
water forces the volatile solvent to form a uniform layer. As the volatile solvent evap-
orates, the nanoparticles will arrange into a monolayer on the water’s surface. The 
mechanical barrier separates the dark-colored nanoparticles (left) from the unused 
water surface (right). The interparticle separation distance between the nanoparticles 
can be controlled by moving the mechanical barrier to decrease the trough area 
(Figure 4.7a–c). Pd–Ag nanoparticles in the volatile solvent (2 mL) are sprayed on 
the water surface, and after 30 min the surface pressure-surface area curve (isotherm) 
is obtained by decreasing the area at which the particles are dispersed (the left side of 
the mechanical barrier) and measuring the surface pressure at each surface area. The 
surface pressure was measured with a Wilhelmy plate attached to a D1L-75 model 
pressure sensor. Three distinct areas (i.e., gas phase, condensed liquid phase, solid 
phase) were observed depending upon the surface pressure and the interparticle dis-
tance (Figure 4.7d). In the gaseous state, the nanoparticles have a significant average 
separation like gases in a closed container. This phase is highly compressible, and 
changes in an area barely affect the surface pressure. The area at which we observe 
the gas to the liquid phase transition is determined by the relative strengths of the 



https://www.twirpx.org & http://chemistry-chemists.com

70� Photo-Electrochemical Ammonia Synthesis

FIGURE 4.6  SEM images of nanoparticles (a) before and (b) after, and TEM images of 
nanoparticles (c) before and (d) after the electrocatalytic NRR stability test (6 consecutive 
cycles each for 12 h (total 72 h) at−0.6 V vs. RHE in 0.5 M LiClO4 (aq.) solution. Reproduced 
with permission from Ref.176 Copyright 2020, American Chemical Society.

TABLE 4.1
Summary of Studies on Electrochemical Ammonia Synthesis using Pd-based 
Nanoparticles (NPs) under Ambient Conditions. Reprinted with Permission 
from Ref.176 Copyright 2020, American Chemical Society

Catalyst/Electrolyte
Applied Potential 

(V vs. RHE)
NH3 Yield Rate (μg h−1 
cm−2 or μg h−1 mg−1) FE (%) Ref.

Pd/C NPs | 0.1 M phosphate 
buffer solution (PBS)

0.1 4.5 8.2 185

PdCu NPs | 0.5 M LiCl −0.1 35.7 11.5 186
PdRu NPs | 0.1 M KOH −0.2 37.23 1.85 187
PdRu NPs | 0.1 M HCl −0.1 25.92 1.53 188
AuPdP NPs | 0.1 M Na2SO4 −0.3 18.78 15.44 189
PdCuIr NPs | 0.1 M Na2SO4 −0.3 13.43 5.29 190
PdCu alloy | 1 M KOH −0.25 39.9 <1 191
PdAg NPs | 0.5 M LiClO4 −0.6 45.6 19.2 176
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particle–particle and particle–water surface interactions. Eventually, the liquid phase 
changes to a solid phase, which consists of a dense and highly ordered film. The LB 
film was transferred to the silicon substrate by the vertical dipping method (5 mm/s 
vertical dipping speed), with the pressure kept constant during the deposition.

As hollow nanoparticles are more fragile than their solid counterparts and are 
susceptible to failure and collapse during catalysis, nanoparticles’ stiffness after 
the long-term stability test is measured via AFM (Figure 4.8). The stiffness of 
Pd–Ag nanoparticles is measured to be primarily within the range of 1 to 6 GPa, 
which is comparable to the stiffness of hollow Pd nanoparticles of similar size and 
structure in prior studies.178,179 By increasing the reaction temperature, the NRR 
activity increases, which is attributed to the faster mass transport rate of reactants 
at higher temperatures (Figures 4.9a and 4.9b). The overall activation energy of 
the electrochemical NRR on Pd–Ag nanoparticles is determined to be 73.6 kJ 
mol−1 (Figure 4.9c).

Similar experiments were conducted in a nonaqueous electrolyte (0.5 M LiClO4 in 
tetrahydrofuran (THF) solution and ethanol (1% vol.)) (Figure 4.10a, b). A low cur-
rent density (~8 μA cm−2) is achieved at a high applied potential (−3.0 V vs. Ag/AgCl), 
resulting in energy efficiency lower than that of aqueous solution at a comparable FE 

FIGURE 4.7  (a–c) Langmuir-Blodgett trough after dispersing Pd–Ag nanoparticles on top 
of the water sublayer. As the mechanical barrier moves to the left (decreasing the trough area), 
the surface pressure increases, resulting in more condensed nanoparticles with smaller separa-
tion distances. (d) Langmuir-Blodgett isotherm (surface pressure vs. area) for Pd–Ag nanopar-
ticles measured on the top of water sublayers. Reproduced with permission from Ref.176 
Copyright 2020, American Chemical Society.
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(Figure 4.10c). To improve the energy efficiency of the electrochemical NRR, a gas-
phase electrochemical cell is used, consisting of an MEA and GDLs (Figure 4.11). 
The cathode catalyst is prepared by mixing cleaned Pd–Ag nanoparticles in 0.675 μL 
of isopropanol (IPA) and 0.675 μL of Nafion solution (5% wt.) and the resulting solu-
tion is sonicated for 1 h and then spray-coated on the cation exchange membrane 

FIGURE 4.8  (a and b) AFM topography images along with the (c) height map and (d) stiff-
ness map of Pd–Ag nanoparticles on the substrate after the stability test. (e) Histogram of the 
stiffness of Pd–Ag nanoparticles. The stiffness of most nanoparticles in the selected area in 
Figure S6-C ranges from 1 to 6 GPa. Reproduced with permission from Ref.176 Copyright 
2020, American Chemical Society.

FIGURE 4.9  (a) CA tests of Pd–Ag nanoparticles at various temperatures at the applied 
potential of −0.6 V vs. RHE in N2-saturated 0.5 M LiClO4 (aq.) solution. (b) Ammonia yield 
rate using Pd–Ag nanoparticles at various temperatures at −0.6 V vs. RHE in 0.5 M LiClO4 
(aq.) solution.� (Continued) 
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FIGURE 4.10  (a) CV curves of bimetallic Pd–Ag nanoparticles in Ar- and N2-saturated 
0.5 M LiClO4 in THF solution at the scan rate of 10 mV s−1. Ethanol (1% vol.) is used as a 
proton source. (b) CA result of Pd–Ag nanoparticles at the applied potential of −3.0 V vs. Ag/
AgCl in N2-saturated 0.5 M LiClO4 in THF solution. Ethanol (1% vol.) is used as a proton 
source. (c) Ammonia yield rate, FE, and NRR selectivity of Pd–Ag nanoparticles at the applied 
potential of −3.0 V vs. Ag/AgCl in N2-saturated 0.5 M LiClO4 in THF solution. Ethanol 
(1% vol.) is used as a proton source. Selectivity is defined as the ratio of (IN2 − IAr)/IN2 × 100 
at the applied potential of −3.0 V vs. Ag/AgCl. Reproduced with permission from Ref.176 
Copyright 2020, American Chemical Society.

FIGURE 4.9 (Continued)  (c) Arrhenius plot of the NRR rate (k) using Pd–Ag nanocatalyst 
at various temperatures at the applied potential of −0.6 V. Reproduced with permission from 
Ref.176 Copyright 2020, American Chemical Society.
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(Nafion-211). Pt nanoparticles were synthesized via the galvanic replacement process 
from the Ag nanocubes (AgNCs) template.16 Pt nanoparticles were mixed with car-
bon black, sonicated for 1 h and then spray-coated on the other side of the membrane 
with a Pt loading of 0.2 mg cm−2. Carbon paper GDLs were placed on both sides of 
the MEA with an effective area of 2.25 cm2. The anode and the cathode were fed with 
pure H2 and N2, respectively. Electrochemical NRR was conducted at ambient lab 
temperature (20 °C), and gases were passed through a humidifier at 60 °C before 
entering the electrolyzer to maintain the membrane’s humidity during measurements. 
Ammonia produced on the cathode was collected in an absorber (1 mM H2SO4, pH = 
3). After electrochemical NRR tests, the MEA was soaked in 1 mM H2SO4 for 24 h 
to extract the ammonia absorbed by the membrane. By decreasing the distance 
between the cathode and anode and eliminating the liquid electrolyte, MEAs can 
reduce the ohmic losses in the electrochemical cell.180–182 Pure H2 is fed into the 
anode, where the hydrogen oxidation reaction (HOR) (H2 (g) → 2H+ + 2e−, E0

RHE = 0 
V) occurs on the Pt-based nanoparticles (Figure 4.12a).176 HER is a competing reac-
tion with the NRR at the cathode; H2 gas from this reaction can be recovered and fed 
to the anode. The HOR overpotential is lower than that of OER on the Pt-based cata-
lysts.137 CA tests are conducted at lower applied potentials in the gas-phase than those 
of the liquid-phase system (Figure 4.12b). The same catalytic activity trend as liquid 
phase is observed in the gas phase, but with a lower ammonia yield rate (19.4 ± 2.1 
μg cm−2 h−1) and FE (7.9%) at an applied potential of −0.07 V with a comparable 
current density (1.15 mA cm−2 @−0.07 V in the gas-phase vs. 1.1 mA cm−2 @−0.6 V 

FIGURE 4.11  Schematic of the gas-phase setup for electrochemical NRR. (a) Various com-
ponents of gas-phase setup, including MEA, GDL, gasket, flow field, current collector, and 
endplates. (b–d) Assembled gas-phase setup with one inlet and one outlet for each side (i.e., 
cathode and anode) for purging N2 and H2 gas. The outlet of the cathode side is connected to 
the absorber (0.001 M H2SO4) where the ammonia is trapped in the acid absorber for further 
quantification. (e) Serpentine flow field, and (f) MEA, catalyst-coated membrane is prepared 
via spray coating. Reproduced with permission from Ref.176 Copyright 2020, American 
Chemical Society.
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in the liquid phase) (Figure 4.12c). This performance corresponds to the energy effi-
ciency of 27.1% and the energy input of 20.5 MWh per ton of ammonia, which is 
more efficient than the liquid phase due to lower ohmic resistances (Figure 4.12d). 
The highest energy efficiency achieved is 72.0% at an applied potential of −0.01 V, 
equivalent to an energy input of 7.7 MWh per ton of ammonia. This performance is 
achieved at a low current density of ~0.17± 0.03 mA cm−2, comparable with the state-
of-the-art Haber–Bosch process, which uses 7.8 MWh ton of ammonia (based on the 
natural gas as an input feedstock).36

To fully understand the role of mass transport resistances at the electrode surface in 
the H-cell, rotating disk electrode (RDE) measurements are conducted with nanopar-
ticles deposited on a glassy carbon electrode.183 The overall current density on the 
RDE is related to the kinetic-limited (ik) and diffusion-limited current density (id). The 
RDE data are analyzed using the Koutecky–Levich (K-L) equation which is given by:

	 1 1 1
i i ik d

� � 	 (4.3) 

FIGURE 4.12  (a) Pt nanoparticles prepared via galvanic replacement technique from Ag 
nanoparticles used as an anode catalyst in electrochemical NRR in the gas-phase system. 
(b) CA results of Pd–Ag nanoparticles at a series of applied potentials in the gas-phase setup. 
(c) Ammonia yield rate and FE at various applied potentials using Pd–Ag nanoparticles in the 
gas-phase setup (MEA configuration). (d) Production energy efficiency and energy input at 
various applied potentials using Pd–Ag nanoparticles in the gas-phase system. Reproduced 
with permission from Ref.176 Copyright 2020, American Chemical Society.



https://www.twirpx.org & http://chemistry-chemists.com

76� Photo-Electrochemical Ammonia Synthesis

where id is proportional to the square root of rotation rate (ω
1

2 , rad/s). The LSV 
measurements are conducted at different rotation rates (0–3000 rpm) at the scan rate 
of 10 mV s−1 (Figure 4.13a). As the rotation rate increases, the value of the current 
density at −0.6 V vs. RHE reaches a plateau, indicating the transport of the reactants 
is no longer the limiting step (infinite mass transport) in the overall current density, 
and the rate of the half-reaction would only be limited by the slow kinetics at an 
electrode surface (Figure 4.13b). This is also consistent with the CA data at various 
rotation rates, where at the high rotation rate (i.e., 2500 rpm), the formation of bub-
bles at the electrode surface is limited due to the facile mass transport (Figure 4.14a). 
The K-L plot reveals a linear relationship between 1/i and ��1 2/ , highlighting the role 
of kinetic- and diffusion-limited current density on the overall current density at the 
electrode surface (Figure 4.13c). To understand the role of mass transport loss in the 
H-cell system, we performed electrochemical NRR with similar catalyst and reaction 
conditions (e.g., catalyst loadings, applied potential, etc.) in the H-cell system under 
vigorous stirring and in the RDE system without stirring at an electrode rotation rate 

FIGURE 4.13  (a) LSV tests of Pd–Ag nanoparticles in an N2-saturated 0.5 M LiClO4 (aq.) 
solution in an RDE setup at various rotation rates (rpm) with a scan rate of 10 mV s−1. (b) 
Current density at a potential of −0.6 V vs. RHE for various rotation rates. At higher rotation 
rates, a marginal increase in the current density is observed. (c) Koutecky–Levich plot from 
electrochemical NRR data on Pd–Ag nanocatalysts. (d) Ammonia yield rate and FE in an 
H-cell and RDE cell (2500 rpm) at −0.6 V vs. RHE in 0.5 M LiClO4 (aq.) solution. Reproduced 
with permission from Ref.176 Copyright 2020, American Chemical Society.
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of 2500 rpm. Comparable electrocatalytic NRR activity is observed in both set-ups, 
indicating that mass transport resistance in H-cell will be sufficiently suppressed if 
the reactor is intensely stirred under reaction conditions (Figure 4.14b, c, d, e).

Control experiments are carried out in which Argon (Ar) and isotopically labeled 
N2 are used as feed gases.114,145–147,184 15N2 (98 atom % 15N) was purified before use 
in experiments by passing through an absorber (1 mM H2SO4) followed by deion-
ized water to remove any NOx and NH3 contamination. The amounts of ammonia are 
measured with Nessler’s method and 1H NMR. The calibration curves for 1H NMR 
quantification are provided in our prior studies.114,184 No ammonia is produced in 
experiments with similar operating conditions (e.g., catalyst type, loading) to those 
in NRR experiments but with Ar gas and N2 gas at the open-circuit voltage (OCV) 
(Figure 4.15a, b). Further, the doublet and triplet couplings of 15N2 and 14N2 with 
J-coupling constants of 72.9 Hz and 52.2 Hz obtained from 1H NMR measurement 
and the quantitative agreement between the amounts of ammonia produced using 
14N2 and 15N2 confirm that the supplied N2 is the major source of ammonia formation 
in the system (Figure 4.15a). The amounts of ammonia measured by 1H NMR in 
15NRR and 14NRR experiments are 706.7 μM for 15N2 and 769.3 μM for  14N2.  

FIGURE 4.14  (a) CA tests at −0.6 V vs. RHE in 0.5 M LiClO4 (aq.) solution at various rota-
tion rates using Pd–Ag nanoparticles. (b–e) Images of the working electrode after the electro-
chemical NRR test at 0, 500, 1500, and 2500 rpm. At high rotation rates, the reactant mass 
transport loss is limited, as is evident from the lower amounts of bubbles with smaller sizes 
formed at the tip of the electrode. Reproduced with permission from Ref.176 Copyright 2020, 
American Chemical Society.
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These values are in close agreement with the amounts of ammonia measured by 
Nessler’s method (804.9 ± 65.3 μM). The amounts of ammonia reported in this work 
are remarkably higher than the amount of ammonia that can be produced by even 
maximum contamination levels of various impurities (e.g., NOx) that might be pres-
ent in ultra-high-purity (UHP) 14N2 used for experiments. This also highlights the 
importance of operating N2 electrolysis at high current densities to achieve high 
ammonia yield rates to rule out the false-positive results of ammonia formation by 
gas impurities.

The amounts of ammonia produced in the nonaqueous electrolyte were also com-
parable in the 14NRR and 15NRR (1.52 ± 0.37 μM) (Figure 4.15b). Some 14NH4

+ is 
observed in the 15NRR experiment, which is attributed to various sources of contami-
nation in measurements.145

This section highlighted the importance of cell design and optimization in addi-
tion to the design of selective catalysts for high-performance N2 electrolysis for 
ammonia synthesis.

FIGURE 4.15  (a) 1H NMR spectra of samples after electrochemical 15N2 (14N2) reduction 
reaction at −0.6 V vs. RHE using Pd–Ag nanoparticles in 0.5 M LiClO4 (aq.) solution. The 
control experiments spectra (OCV and Ar) are also included, which reveal no distinct peaks 
associated with the ammonium. (b) 1H NMR spectra of samples after electrochemical 15N2 
(14N2) reduction reaction at −3.0 V vs. Ag/AgCl using Pd–Ag nanoparticles in the nonaqueous 
electrolyte (0.5 M LiClO4 in THF and 1% ethanol). Standard 15NH4

+ and 14NH4
+ samples 

(25 μM) were used for ammonia quantification in the nonaqueous solution. Reproduced with 
permission from Ref.176 Copyright 2020, American Chemical Society.
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Plasma-Enabled Nitrogen 
Fixation

5.1 � INTRODUCTION

Plasma is an ionized gas. A well-known example of a plasma state is the Sun, which 
is revealed in the form of lightning. Plasma can be created by supplying energy to a 
gas. There is a difference between fusion plasmas and gas discharge plasmas. Fusion 
plasmas operate at extremely high temperatures (millions of degrees) to mimic the 
Sun’s conditions to realize nuclear fusion as a future energy source. Gas discharge 
plasmas, on the other hand, operate at a much lower temperature, close to room tem-
perature, and are created by applying electrical energy to a gas. The latter is poten-
tially interesting for use in renewable energy conversion applications. Plasma allows 
the activation of small molecules, where the gas is not heated, and the applied electri-
cal energy will selectively heat the electrons due to their small mass. These energetic 
electrons will collide with the gas molecules (e.g., N2), causing excitation, ionization, 
and dissociation. The excited species, ions, and radicals will react further, generating 
new molecules. There is thermal nonequilibrium between the highly energetic elec-
trons (i.e., tens of thousands K) and the gas molecules (e.g., at room temperature up 
to a maximum of a few thousand K). This allows thermodynamically unfavorable or 
energy-intensive chemical reactions, such as N2 fixation, to proceed in an energy-
efficient way using renewable electricity. In thermal plasmas, all species (electrons, 
gas molecules, excited species, ions) have the same temperature, but as expected, 
they are less energy-efficient for small molecule activations.192,193

Plasma-catalytic nitrogen fixation is the redox reactions of plasma-generated ion-
ized N2 with H2 or O2 through three steps: 1) the collision of N2 with plasma-generated 
highly energetic electrons to form vibrationally excited nitrogen species (N2

*), 2) the 
activation of molecular O2 or H2 over catalysts, and 3) reactions between N2

* and 
adsorbed O2 or H2 species to form ammonia or nitrogen oxides.194,195 In non-thermal 
plasma ammonia synthesis, various plasma sources (e.g., dielectric barrier discharge 
(DBD)) are used to generate plasma at low temperature and pressure.196 DBD has 
received more attention than other plasma sources as it enables the control of the 
average energy of discharged electrons by adjusting the discharge gas width and gas 
pressure.194 Early studies used a nozzle-type plasma jet to produce ammonium ions 
in water.197 Recent studies further revealed that UV irradiation could provide addi-
tional hydrogen donors to the plasma-assisted ammonia synthesis process by excit-
ing water molecules adsorbed on the catalyst surface.198–200 In addition, ammonia can 
be synthesized in plasma chambers even without the use of a metal catalyst.100,201 In 
plasma-enabled ammonia synthesis, nitrogen hydrogenation pathways occur on a 
catalyst’s surface through a dissociative mechanism similar to the thermocatalytic 
ammonia synthesis.

5
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5.2 � DIFFERENT PLASMA TYPES FOR ENERGY APPLICATIONS

A gas discharge plasma is generated by applying an electric potential difference 
between two electrodes placed in a gas. The gas pressure can be varied from a few 
Torr up to >1 atm. The potential difference can be direct current (DC), alternating 
current (AC), ranging from 50 Hz over kHz to MHz (radio frequency, RF), or pulsed. 
In addition, the electrical energy can be supplied in various ways, such as induc-
tively coupled plasma (ICP) or microwaves (MWs). There are three types of plasmas 
most often studied for small molecule activation, namely dielectric barrier dis-
charges (DBDs), MW plasmas, and gliding arc (GA) discharges. It is noted that 
other plasma types are explored for these applications as well, such as nanosecond 
(ns) pulsed discharges, spark discharges, corona discharges, and atmospheric pres-
sure glow discharges.202

DBD operates at atmospheric pressure and is generated by applying an AC poten-
tial difference between two electrodes, at least one of two electrodes covered by a 
dielectric barrier. This limits the amount of charge transported between two electrodes, 
and the electric current, preventing the discharge from undergoing a transition into a 
thermal regime. The most studied electrodes in this type of plasma are two concentric 
cylindrical electrodes (Figure 5.1a). The reactor is comprised of an inner electrode 
surrounded by a dielectric tube with a gap in the size of a few millimeters. The second 
electrode is typically a mesh or foil that is wrapped around the dielectric tube. One of 
the electrodes is connected to a power supply, while the other electrode is grounded. 
The gas flows in from one side and is gradually converted along its way through the 
gap between the inner electrode and dielectric tube, similar to the process in a plug 
flow reactor, and flows out from the other side. The industrial implementation of DBD 

FIGURE 5.1  Schematic illustration of the three plasma reactors most often used for small 
molecule activation (e.g., N2 fixation) applications (a) DBD, (b) MW plasma, and GA dis-
charge, in (c) classical configuration and (d) cylindrical geometry, called GAP. Reprinted with 
permission from Ref.192 Copyright 2018 American Chemical Society.
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is realized by placing a large number of DBD reactors in parallel, which operates at 
atmospheric pressure. The energy efficiency for small molecule activation (e.g., N2 
fixation) is typically very low. The production conversion efficiency could be improved 
by incorporating a catalytic material to enable the selective production of targeted 
molecules in the process called “plasma catalysis.” Plasma provides a very reactive 
environment due to various chemical species (electrons, molecules, atoms, radicals, 
ions, and excited species), but it is not selective in the production of targeted mole-
cules. Plasma catalysis combines the high reactivity of plasma with a catalyst materi-
al’s selectivity so that targeted species can be formed with high product yield and 
selectivity. However, more research is needed to design catalysts tailored to the plasma 
environment effectively.192

A microwave (MW) plasma is generated by applying MWs, which is electromag-
netic radiation with a frequency between 300 MHz and 10 GHz, to a gas, without 
using electrodes. There are different types of MW plasmas, including cavity-induced 
plasmas, free expanding atmospheric plasma torches, electron cyclotron resonance 
plasmas, and surface wave discharges. The latter type is most frequently used for 
small molecule applications. The gas flows through a quartz tube, transparent to MW 
radiation, intersecting with a rectangular waveguide, to initiate the discharge 
(Figure 5.1b). The MWs penetrate along the interface between the quartz tube and 
the plasma column, and the plasma absorbs the wave energy. MW plasmas can oper-
ate at pressures as low as ten mTorr up to atmospheric pressure. When the system 
operates at low pressure, it achieves a relatively high energy efficiency. Still, when 
the system operates above 0.1 atm, they approach thermal equilibrium, with a few 
thousand K gas temperatures, thereby remarkably reducing the system’s energy 
efficiency.192

A Gliding Arc (GA) discharge is a transient type of arc discharge. A classical GA 
discharge is formed between two flat diverging electrodes (Figure 5.1c). The arc is 
initiated at the shortest interelectrode distance. Under the influence of the gas blast, 
which flows along the electrodes, the arc “glides” toward a larger interelectrode 
distance until it extinguishes. A new arc is created at the shortest interelectrode dis-
tance.192 This type of (two-dimensional) GA discharge yields only limited product 
formation because a large fraction of the gas does not pass through the arc discharge. 
Therefore, other types of (three-dimensional) GA discharges have been designed, 
such as a gliding arc plasmatron (GAP) and a rotating GA, operating between cylin-
drical electrodes (Figure 5.1d). The cylindrical reactor body operates as a cathode 
(powered electrode), while the reactor outlet acts as an anode and is grounded. The 
gas enters tangentially between the two cylindrical electrodes. When the outlet 
diameter is considerably smaller than the reactor body’s diameter, the gas flows in 
an outer vortex toward the reactor body’s upper part. Subsequently, it will flow back 
in a reverse inner vortex with a smaller diameter because it loses momentum, and 
thus, it can leave the reactor through the outlet. The arc is again initiated at the short-
est interelectrode distance. It expands until the upper part of the reactor, rotating 
around the reactor’s axis, stabilizes around the center after about 1 ms. In the ideal 
scenario, the inner gas vortex passes through this stabilized arc, allowing a larger 
fraction of the gas to be converted than in a classical two-dimensional GA discharge. 
Nevertheless, the fraction of gas passing through the active arc is still limited.192 
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The  GA discharge operates at atmospheric pressure, making it also suitable for 
industrial implementation. Furthermore, it exhibits relatively high energy efficiency 
for small molecule activation. However, the gas temperature is also relatively high 
(i.e., a few thousand K), limiting the energy efficiency, similar to a MW plasma, 
since the plasma approaches thermal equilibrium.

5.3 � PLASMA-BASED N2 FIXATION

The theoretical limit of plasma-based N2 fixation’s energy consumption is more than 
2.5 times lower than that of the Haber–Bosch process. Plasma-based N2 fixation can 
be conducted at atmospheric temperature and pressure, which contrasts to the high 
pressure and temperature requirements of the Haber–Bosch process. Thus, Plasma-
based N2 fixation could result in achieving lower operational costs and more increased 
process safety.192 Two processes can be studied in plasma-based N2 fixation: 1) NH3 
synthesis from N2 and H2, and 2) NOx formation from the air (N2 + O2). Ammonia 
synthesis has been demonstrated in a single-stage plasma catalysis reactor packed 
with Ru-Mg/γ-Al2O3 pellets at different temperatures.203 It was shown that the opti-
mum ratio in plasma catalysis is the N2:H4 ratio of 4:1. At temperatures higher than 
200 °C when the catalyst reaches the light-off temperature, the plasma’s effect 
becomes dominant (810 ppm NH3 compared to 10 ppm without plasma; see 
Figure 5.2).203 The energy yield obtained in these experiments was 25–30 g of NH3/
kWh.203 The production rate of ammonia has been examined using various transition 
metal catalysts, including Fe, Ru, Co, Ni, Pt.204 In these experiments, 100 mg of 
material was packed into the plasma-catalytic reactor, and the total flow rate of reac-
tants was varied between 10 and 50 mL/min. The experiments were conducted at 
438 K using a feed composition of N2/H2 = 2 and a plasma power of 10 W. It was 
demonstrated that among various transition metal catalysts, Ni has the highest pro-
duction rates as a function of the residence time of reactants in the DBD reactor. 
However, for all cases, production rates decrease as the residence time of reactants 
(W/F) increases (Figure 5.3).204

Plasma electrolytic system can be demonstrated in the catalyst-free environ-
ment.100,198 In this system, a plasma is ignited in the gas gap between a stainless-steel 
capillary tube and electrolyte solution (H2SO4 (aq.)) surface (Figure 5.4a), and 
ammonia is synthesized by the solvated electrons produced at the plasma-water 
interface. In this catalyst-free system, the ammonia selectivity reached 100% at low 
currents (1 and 2 mA) while decreasing at higher current densities (e.g., 4, 6, 8 mA) 
(Figure 5.4b). The highest ammonia formation rate of 0.44 mg h−1 (7.2 × 10−7 mol 
cm−2 s−1) was observed at 2 mA applied current. Stability is still a significant issue as 
the ammonia selectivity decreased from 60% at 5 min to 30% after 45 min experi-
ments, and then to 25% after 5 h of electrolysis at 6 mA applied current (Figure 5.4c). 
This plasma electrolytic system enables the production of ammonia with a very high 
selectivity and formation rate. In addition, the large energy consumption of the 
plasma system (~500 V was required to generate and sustain the plasma) is a signifi-
cant hurdle that may prevent its large-scale adoption. The system has a power con-
sumption of 2,270 kWh per kg of NH3, which corresponds to an energy conversion 



https://www.twirpx.org & http://chemistry-chemists.com

Plasma-Enabled Nitrogen Fixation� 83

FIGURE 5.2  NH3 concentration obtained in a packed-bed DBD plasma reactor with Ru − 
Mg/γ-Al2O3 packing at a gas flow rate of 2 L/min and an H2:N2 ratio of 1:4, compared with and 
without plasma at different temperatures. Reprinted with permission from Ref.203

FIGURE 5.3  Ammonia production rates as a function of the residence time of reactants 
(W/F) in the DBD reactor. Initial rates (plotted as open circles) were extracted by extrapolating 
the observed rates to W/F = 0 using uncertainty weighted linear regression (shown by dotted 
lines). Reaction conditions: 438 K, 10 W, inlet N2:H2 = 2:1. Error bars indicate the standard 
deviation of the rates. Reprinted with permission from Ref.204



https://www.twirpx.org & http://chemistry-chemists.com

84� Photo-Electrochemical Ammonia Synthesis

efficiency of approximately 0.25%. This is compared with the conventional Haber–
Bosch process using natural gas, coal, or fuel oil as feedstocks requires only 
9–13 kWh per kg of NH3 with an energy conversion efficiency of 60%.99

N2 fixation can occur in the oxidation pathway to produce nitric oxide (NO). In the 
recently reported solid-state electrolyzer (Figure 5.5a), H2O is reduced to H2 in the 
cathode while NO is produced in the anode by the reaction of O2− species (trans-
ported via the electrolyte) and plasma-activated N2 species (Figure 5.5b). High 
Faradaic efficiencies up to 93% are achieved for NO production at 650 °C, and NO 
concentration is more than 1000 times greater than the equilibrium concentration at 
the same temperature and pressure.205 In another study, the co-synthesis of ammo-
nium, nitrite, and nitrate was studied using an advanced spray-type jet plasma.200 
This was accomplished by the interactions between the gas-phase plasma and liquid 
surface dissociation. Two recent studies reported ammonia synthesis by purging the 
nitrogen plasma gas into water under UV light irradiation, which successfully pro-
moted the ammonium synthesis rate.198,199,206 The UV irradiation could improve 
ammonia synthesis via excitation of the surface water molecules and provide addi-
tional hydrogen donors to the reactions. Additionally, findings indicate that ammonia 
synthesis is a reaction that primarily occurs at the liquid surface and is highly depen-
dent on the reaction area.198 Therefore, increasing the surface area and reducing the 
distance between the plasma generation and the water surface are essential to improv-
ing the performance.

An industrial process for plasma-based NOx synthesis might be more appealing 
than plasma-based ammonia synthesis as air can be utilized directly as the feed gas. 
The primary challenge with the plasma-based N2 fixation is the low energy conver-
sion efficiency of the process. However, plasma-based N2 fixation can potentially 
adopt for distributed production plants by integrating with renewable energy sources. 

FIGURE 5.4  Catalyst-free, electrolytic NH3 production from N2 and water using a plasma 
electrolytic system. (a) Schematic of the plasma electrolytic system operated by a DC power 
supply and galvanostatically controlled using a resistor (R) in series. (b) Total NH3 produced 
and corresponding Faradaic efficiency after different processing times at 6 mA and pH 3.5. No 
NH3 is produced at 0 min based on the untreated electrolyte solution. (c) Total NH3 produced 
and corresponding Faradaic efficiency as a function of current after 45 min electrolysis at 
pH 3.5. No NH3 is produced at 0 mA based on the control experiment. Reprinted with permis-
sion from Ref.204
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FIGURE 5.5  (a) Schematic representation of hybrid plasma-activated solid oxide electrolyte cell (SOEC) reactor setup. (b) Operation principles of 
conventional (left) and activated (right) SOEC electrolysis. In this system, H2O is reduced to H2 in the cathode of a solid oxide electrolyzer while NO is 
produced in the anode by the reaction of O2− species (transported via the electrolyte) and plasma-activated N2 species. Reprinted with permission from 
Ref.205 Copyright 2019 American Chemical Society.
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Plasma can be switched on and off very quickly to follow the renewable energy sup-
ply as it requires no preheating or long stabilization times and no cool-down times.192 
The conversion reactions start immediately after plasma ignition. This makes plasma 
technology well suited for converting intermittent renewable energy into fuels or 
high-value chemicals. Furthermore, repeated on/off cycles do not damage the plasma 
reactors.
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Photocatalytic Nitrogen 
Fixation

6.1  �INTRODUCTION

Photocatalytic nitrogen fixation for “green ammonia” synthesis, using water as a 
reducing reagent and sunlight under ambient conditions provides an attractive route 
for clean, sustainable, and distributed ammonia synthesis. This approach might be an 
alternative to the Haber–Bosch process, particularly in remote areas where access to 
the centralized infrastructure or pipelines is limited.207 An Indian soil scientist first 
reported photocatalytic N2 fixation.208 Schrauzer and Guth then investigated the per-
formance of metal oxides (e.g., TiO2) photocatalysts for nitrogen fixation with iron-
doped titanium oxide was found to be an effective catalyst.209 This informed more 
research to understand the role of Fe in promoting photocatalytic ammonia synthesis. 
Various other semiconductor materials were tested for photocatalytic ammonia syn-
thesis, including transition metal oxides, metal sulfides, bismuth oxyhalides, carbona-
ceous materials, layered double hydroxides, biomimetic photocatalysts, and biohybrid 
complexes.162,210–212 Prior studies for photocatalytic N2 fixation using various photo-
catalysts are presented in Figure 6.1. The reported photocatalysts enabled the conver-
sion of solar energy into high-value chemicals without the need for additional energy 
input or sacrificial agents. However, limited solar spectrum utilization, fast charge 
recombination, and sluggish surface reaction kinetics hinder photocatalytic perfor-
mance.213 Photocatalytic N2 fixation to NH3 using water as the reducing agent is 
incredibly challenging, being a six electron, six proton reduction process. Besides, 
achieving adequate coverages of adsorbed N2 is a further bottleneck, limiting photo-
catalytic nitrogen reduction reaction (NRR) activity. Research on photochemical 
ammonia synthesis has primarily focused on catalysts design. Engineering titanium 
oxide, bismuth oxyhalides, and layered double hydroxides for enhanced visible-light-
driven photocatalytic NRR activity have been reported in literature.213–215 Morphology 
control, including plane, corner, edge sites, porous structures, etc. and crystal manip-
ulation, including amorphous layers, lattice strain, etc. are common strategies used to 
create highly exposed unsaturated metal centers, thus promoting N2 adsorption and 
electron transfer processes on the catalysts’ surface (Figure 6.2).161,184,216 The intro-
duction of lattice vacancy (oxygen and metal vacancies) and heteroatom doping are 
effective approaches for promoting NRR activity. The introduction of metal com-
plexes and single metal atoms sites helps lower key intermediates’ formation energy 
in NH3 synthesis. For instance, by incorporating oxygen vacancies in defect-abundant 
titanium oxide or layered double hydroxides, photocatalytic nitrogen fixation under 
solar irradiation at wavelengths up to 700 nm has been observed.217–219 It is imperative 
to engineer photocatalysts containing multifunctional active sites to suppress  
charge recombination and undesirable side reactions (ammonia oxidation, nitrogen 

6
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oxidation, hydrogen evolution, etc.) during photocatalytic NRR. Photocatalytic N2 
oxidation from water and oxygen under ambient conditions might be an effective 
approach to produce nitric acid.220,221 This area of research has received less attention 
than the nitrogen reduction pathway. Still, it could potentially be a promising pathway 
for nitrogen fixation as the competing hydrogen evolution reaction (HER) will not 
affect the photocatalytic nitrogen oxidation activity. Additionally, one of the products 
of this reaction is nitric oxide (NO), which is in the gas form under ambient condi-
tions. Therefore, the separation of products in the aqueous solution is no longer a 
challenge. In addition to the catalyst engineering to enhance the surface catalytic 
reaction involved in N2 fixation, system engineering is essential to achieve the effi-
cient mass transfer of reactants (e.g., N2 gas) to catalytic sites. Since gas molecules 
such as N2, O2, and CO2 have poor solubility and diffusion coefficient in water, pho-
tocatalytic activity can be rate limited by diffusion processes in conventional aqueous 
phase reaction systems as shown in the right panel of Figure 6.2. To overcome these 
solubility and diffusion limitations, the design of gas-phase systems, where N2 mol-
ecules can be directly supplied on the catalyst surface. In such systems, reactant gases 
(N2 or air) are continuously introduced at the liquid–solid interface using gas diffu-
sion layer (GDL). Since the concentration of nitrogen in the gas phase is about 140 
times higher than the saturation concentration of dissolved nitrogen in the water, gas-
phase systems comprised of GDL offer a much higher local nitrogen concentration on 
the surface of catalysts, thereby potentially resulting in much higher NH3 production 
rates.

FIGURE 6.1  Background of various photochemical approaches for nitrogen fixation in the 
literature. The photocatalyst design will be categorized as semiconductor, plasmonic-semicon-
ductor, and metal-free photocatalysts. Selective studies under each category are provided.



https://www.twirpx.org & http://chemistry-chemists.com

Photocatalytic Nitrogen Fixation� 89

6.2 � DESIGN OF HYBRID PHOTOCATALYSTS

To date, almost all photocatalysts for NRR suffer from poor selectivity, low activity 
due to the difficulty in breaking the strong N≡N bond, competition with the more 
favorable HER, and inefficient utilization of the solar spectrum. Superior light 
absorption, efficient photo-excited charge separation, and transfer, and the ability to 
drive photocatalytic redox reactions are the key elements to the rational design of an 
efficient photocatalyst for the NRR.222 The photocatalytic redox system using water 
as a reducing reagent comprises water oxidation at the valence band through the 
reaction of water with photo‑generated holes (h+) (Equation 6.1) and NRR at the 
conduction band through the reaction of N2, protons (H+), and photo-generated elec-
trons (Equation 6.2):209

	
3 6

3
2

62 2H O h O H� � �� �

	
(6.1)

 

	 N2 + 6H+ + 6e− → 2NH3	 (6.2) 

FIGURE 6.2  Schematic illustration of catalyst and cell engineering developed in photocata-
lytic and electrocatalytic NRR: (left) size comparison of various types of catalyst engineering, 
including pores, plane/edge/corner, vacancy, doping, etc. for enhanced surface chemical reac-
tion and (right) cell engineering from liquid-phase (H-cell system) to gas-phase systems com-
prised of GDL to promote the interfacial nitrogen transportation. Reprinted with permission 
from Ref.104
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The overall reaction, with the Gibbs free energy (∆Go) of 339 kJ mol−1 for ammo-
nia formation from water and N2, is:

	
N H O NH O2 2 3 23 2

3
2

� � �
	

(6.3)
 

To date, most studies on photocatalytic nitrogen fixation have focused on wide 
bandgap semiconductors (usually metal oxides) such as TiO2 (Eg = 3.2 eV), owing to 
its abundance and its high and stable light absorption capability in the UV region. 
TiO2 has exhibited moderate NRR activity when incorporated with transition metal 
dopants (e.g., Fe, Mo, Ru) or by introducing oxygen vacancies at the photocatalyst’s 
surface.209,219,223–226 Wide bandgap semiconductors show weak absorption under vis-
ible and IR light and, therefore, low NRR activity when the incident light wavelength 
is higher than 400 nm. It is important to note that only 5% of the solar irradiation 
spectrum received on earth’s surface is UV (λ < 400 nm), while 50% is in the visible 
region (400 nm < λ < 800 nm), and the remaining 45% is in the IR region (λ > 800 
nm). Therefore, the development of a photocatalyst that is active in the incident pho-
ton wavelength of greater than 400 nm is necessary to harvest most of the solar irra-
diation spectrum and enhance the solar-to-ammonia (STA) efficiency (ηSTA). It was 
recently demonstrated that using oxygen vacancy rich BiOBr nanosheets can enhance 
the photocatalytic NRR activity under visible light in water. Yet, there is room to 
improve the apparent quantum efficiency (ηAQE).227–229 Under the stimulus of light, 
some noble metal nanoparticles, such as Au and Ag, undergo a process called local-
ized surface plasmon resonance (LSPR), which is the collective oscillation of free 
electrons at the material’s surface.222 The strong electromagnetic plasmon fields gen-
erated under light illumination can be utilized for various applications in photoca-
talysis and sensing.113,160,230–234 The placement of plasmonic nanostructures in 
proximity (<10 nm) to each other results in an enhanced electromagnetic field in the 
interparticle gap.235 Hybrid Au-Ag2O nanocages are synthesized through a facile oxi-
dation process, allowing for the coupling of plasmonic enhancement of Au nanopar-
ticles with visible-light active p-type Ag2O to achieve superior photocatalytic NRR 
performance under ambient conditions using water as an electron donor and sunlight 
without using sacrificial reagents. While several studies on photocatalytic NRR using 
hybrid plasmonic-semiconductor photocatalysts have been performed,117,161,163,236 
very few have coupled a plasmonic metal and semiconductor that are both active 
under visible light.160 Combining the two increases the photo-generated electrons’ 
concentration upon visible light illumination for photocatalytic NRR. In a photo-
chemical system, atmospheric N2 is converted to NH3 under ambient conditions 
using visible light, and water as an electron donor. As the work function of the p-type 
semiconductor (Ag2O) is higher than that of the Au plasmonic metal (∅S >∅M), a 
Schottky barrier is formed where the photo-generated holes of Ag2O are transferred 
to the Au plasmonic metal at the metal–semiconductor interface so that the Fermi 
levels in the metal and semiconductor are aligned.237,238 Energy bands in Ag2O bend 
downward to match the chemical potentials. Photo-generated electron transfer from 
the conduction band of Ag2O to the surface of the Au nanoparticles occurs, or 
so-called “hot electrons” are injected from the Au nanoparticle surface to the 
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conduction band of Ag2O. Both electron transfer processes are possible and 
competitive. It has been demonstrated that transition metal loaded titania results in 
smaller ammonia yield than bare titania if Ti3+ active sites on the surface are blocked 
by transition metals, giving experimental proof of these competing phenomenon.219 
In our nanocages, Au and Ag2O nanoparticles are settled adjacent to each other, 
whereby both can act as an active site in the interior or at the exterior surface of the 
nanocages for nitrogen adsorption and reduction, enabling us to achieve superior 
selectivity and efficiency for the NRR.

6.3  �PHOTOCATALYTIC EFFICIENCY MEASUREMENTS

The photocatalytic NRR measurements are conducted in a single-compartment cell 
using various photoelectrodes comprised of indium tin oxide (ITO) supported 
nanoparticles immersed in N2-saturated DI water with magnetic stirring under con-
stant N2 bubbling at the specific flow rate (e.g., 20 mL min−1). Nitrogen (Ar gas for 
control experiments) gas was bubbled through the cell for 1 h before starting the 
photochemical measurements to remove dissolved oxygen gas. The air mass (AM) 
1.5-irradiance of 100 mW cm−2 was provided by a 300 W Xe light source.

The illumination intensity near the sample surface is calibrated using a standard 
Si-solar cell, and the distance was adjusted to achieve 1 sun illumination. The cell 
was placed in the water bath to maintain the reaction temperature constant during the 
experiment to 20 °C and reduce thermal effects on the photocatalytic rate. The STA 
efficiency (ηSTA) is calculated according to Equation 6.4:

	

�STA

G for ammonia generation J mol ammonia generated
%� � � � ����    1 mmol

input light energy J s reaction time s

� �
� �� � �

�
�   1

100

	
(6.4) 

The free energy for NH3 generation is 339 kJ mol−1 and the input light energy is 
1000 J s−1. For example, using Ag2O–Au-685 photoelectrode for 2 h illumination 
under 1 sun, the amount of ammonia generated is 61.28 mg m−2. The energy of 
ammonia produced is calculated by:

	 E
mgm m

mgmol
J molNH3

61 28 0 0001
17 000

339 000 0 1222
2 2

1
1� � � �

�

�
�. .

,
, . JJ 	 (6.5) 

where the 339,000 J mol−1 is the Gibbs free energy of ammonia formation.
The total light energy input (one sun) is given by:

	 Elight = 1000 W m−2 × 0.0001 m2 × 2 × 3600 = 720 J	 (6.6) 

Therefore, the ηSTA is determined by:

	 �STA %
.

. %� � � � �0 1222
720

100 0 017 	 (6.7) 
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By using a cutoff filter to provide visible light wavelength (400 nm < λ < 800 nm), 
the ammonia production rate of 47.8 mg m−2 is obtained after 2 h visible light illumi-
nation. In addition, the visible light intensity is measured to be 455.2 W m−2. By 
following the above calculation, the ηSTA is calculated to be 0.029%.

	 �STA Vis

mgm m

mg mol
J mol

�

�

�
�

�

� �47 8 0 0001
17 000

339 000

455

2 2

1
1. .

,
,

.22 0 0001 2 3600
100 0 0292 2W m m� �� � �

� �
.

. %	 (6.8) 

The apparent quantum efficiency (QE) of the NH3 production using 685 nm band-
pass filter with 15 nm full width half maximum (FWHM) is calculated as follows:

	 QE
NH generated mol

the number of incident photons mol
%� � � � ��3 3

    �� �
�100	 (6.9) 

The light intensity is measured to be 14 W m−2, and NH3 yield is measured after 
2 h monochromatic light irradiation at 685 nm. Equation 6.10 determines the energy 
of each photon:

	 E
hC J s m s

m
J phot� � � � �

�
� �

� �

�
�

�
6 626 10 3 10

685 10
2 902 10

34 8 1

9
19. . .

. / oon	 (6.10) 

The local power densities at the distance of 6 cm from the light source under one 
sun illumination and with the monochromatic light irradiation at 685 nm with 15 nm 
bandwidth at FWHM are 1000 and 14 W m−2, which are determined by the standard 
Si-solar cell.

The active surface area of the photoelectrode is 1 cm2. Then, the energy is 
determined by:

	 E = 14 Wm−2 × 0.0001 m2 = 0.0014 J/s	 (6.11) 

The number of photons per second is determined by dividing (5) by (4):
The number of photons per second:

	 n
J s

J photon
photon s�

�
� ��

0 0014
2 902 10

4 8243 1019
15. /

. /
. / 	 (6.12) 

The total number of incident photons under 2 h illumination is given by:

	 N
photons

s
s photons� � � � � �4 8243

10
2 3600 3 4735 10

15
19. . 	 (6.13) 

The number of moles of photons is then calculated by:

	 n moles of photons� �
�

� � �3 4735 10
6 022 10

5 768 10
19

23
5.

.
.   	 (6.14) 
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The ammonia yield after 2 h illumination is obtained to be 39.11 mg m−2.
The number of generated

	 NH mol
mgm m

mgmol
moles of NH3

2 4 2

1
739 11 10

17 000
2 3 10� � � � � �

� �

�
�.

,
.  33	 (6.15) 

and finally, the QE is given by:

	 QE
mol� � �
�

� �
�

�
2 3 10 3

5 768 10
100 1 2

7

5

.
.

. %	 (6.16) 

The bandgap energies (Eg) of Ag2O-Au nanocages and Ag2O nanocubes are deter-
mined based on the Kubelka–Munk theory. The absorption spectra collected by the 
UV-vis spectrophotometer is multiplied by the energy and raised to the power of the 

inverse bandgap transition exponent ( �hv
p� �1/
). α is the absorption coefficient, p is 

the bandgap transition dependent exponent (p = 0.5 for Ag2O), and hv is the energy 
per photon, calculated according to Equation 6.17:

	 hv
hC�
�

	 (6.17) 

where h is Plank’s constant (~4.135 × 10−15 eV.s), C is the speed of light in a 
vacuum (~3×1017 nm s−1), and λ is the wavelength (nm). To calculate the bandgap 
energy, �hv

p� �1/
 is plotted against hv, known as a Tauc plot. The bandgap energy is 

obtained by drawing an inflection tangent in the linear region in the Tauc plot and its 
intersection on the energy axis where the linear portion crosses the x-axis. The posi-
tion of the valence band maximum (EVBM) is determined by the summation of the 
valence band offset at low binding energy (EF–EVBM) and secondary electron onset, 
which is referenced to the 21.21 eV helium source energy (work function, EVAC–EF); 
these are obtained by performing ultraviolet photoelectron spectroscopy (UPS). For 
example, for the case of Ag2O in

	 (EVAC – EF) + (EF – EVBM) = (21.21 – 17.04) + (1.9 – 0) = 6.07 eV	 (6.18) 

This energy level is converted to potential vs. RHE, assuming 4.5 eV at 0 V vs. 
RHE

	 EVBM = 6.07 – 4.5 = 1.57 V vs. RHE	 (6.19) 

6.4  �PHOTOCATALYTIC NRR ACTIVITIES OF HYBRID 
PHOTOCATALYSTS

Ag2O-Au nanocages with various LSPR peak positions (i.e., 655, 685, and 715 nm) 
are prepared by increasing the amount of Au3+ ions added to the AgNCs template 
(Figure 6.3a). As Ag atoms are etched and replaced by Au atoms, the LSPR peak 
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position redshifts and the pore size at the walls and corners of the nanocages increases 
(Figure 6.3b–d). High-resolution transmission electron microscopy (HRTEM) and 
the Fast Fourier Transform (FFT) of 100 oriented Ag2O-Au nanocages reveals that 
Ag2O has the same orientation as Au (Figure 6.3e). Furthermore, the measurement of 
lattice spacings of Ag2O (Ag–O atomic spacing, 2.23 A



) and Au (Au–Au atomic 
spacing, 2.68 A



) in the Ag2O–Au-685 nanoparticles obtained from HRTEM confirms 
the formation of Ag2O after oxygen treatment; these measurements are also compa-
rable with previously reported data obtained by extended x-ray absorption fine struc-
ture (EXAFS) (Figure 6.3f).239,240 X-ray photoelectron spectroscopy (XPS) 
measurements investigate the surface elemental composition and the chemical states 
of the as-prepared Ag2O, Ag–Au, and Ag2O–Au nanoparticles. The XPS survey 
spectra reveal that Ag2O-Au and Ag–Au nanocages contain Ag 3d, Au 4f, and O 1 s, 
while Ag 3d and O 1 s are observed for Ag2O (Figure 6.4a). A pair of spin-orbit dou-
blets with energy peaks at 84.0 eV and 87.7 eV correspond to Au 4f7/2 and Au 4f5/2, 
indicating the existence of Auo (Au-Au bonding) in Ag2O-Au and Ag–Au nanocages, 
while as expected, no Au bonding energy peaks are observed for Ag2O from the high-
resolution XPS spectra of Au 4f (Figure 6.4b).112 The doublet peaks at 368.0 eV and 
374.0 eV are assigned to the Ag 3d5/2 and Ag 3d3/2, for Ag2O-Au and Ag2O, while a 
slight shift to high binding energy (0.1 eV) is observed for Ag–Au, which distin-
guishes between Ago (Ag-Ag bonding) and Ag+ (Ag–O bonding) (Figure 6.4c).129 
The O 1 s profiles for Ag2O and Ag2O–Au are deconvoluted into two peaks centered 
at 531.5 eV and 532.6 eV (with 0.1 eV negative shift to lower binding energy for 
Ag2O–Au), which are attributed to the lattice oxygen atoms of Ag2O and the chemi-
sorbed oxygen caused by the external –OH group or the water molecule adsorbed on 
the surface (Figure 6.4d).129,130 The latter peak is also observed in the O 1 s profile for 
Ag–Au nanocages.

The electronic band structures of Ag2O and Ag2O–Au-685 nanocages are deter-
mined by optical band gaps and UPS results (Figure 6.5a). The summation of the 
valence band offset at low binding energy (EF–EVBM) and the secondary electron 
onset, referenced to the 21.21 eV helium source energy (work function (∅), EVAC–EF), 
provides the position of the valence band maximum (EVBM) (Figure 6.6a and 6.6b). 
The Fermi level of Au has been reported to be 5.1 eV.233 The optical band gap is cal-
culated by measuring UV-vis spectra of the photocatalysts. The UV-vis spectra are 
analyzed by the Kubelka–Munk (KM) theory, where an inflection tangent is drawn in 
the linear portion of the KM function versus the energy of light absorbed (Figure 6.6c 
and 6.6d).241–243 The band gap energies (Eg) of Ag2O and Ag2O-Au are calculated to 
be 2.34 and 1.6 eV, suggesting that both photocatalysts are visible-light responsive. 
It is important to note that the modified band gap of 1.6 eV corresponds to the hybrid 
Ag2O–Au after structural and chemical modifications of AgNCs and Ag–Au nano-
cages. The EVBM levels of Ag2O (1.57 V) and Ag2O–Au (1.47 V) are more positive 
than 1.23 V vs. RHE, indicating that both photocatalysts can drive water oxidation 
(Equation 6.1) through photo-generated holes, a necessary reaction to provide pro-
tons for NRR (Equation 6.2). In addition, the energy levels of the conduction band 
minimum (ECBM) for Ag2O (−0.77 V) and Ag2O-Au (−0.13 V) are more negative 
than the NRR potential (0.05 V vs. RHE), suggesting that direct photocatalytic 
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FIGURE 6.3  (a) UV-vis extinction spectra of Ag2O-Au nanocages with various LSPR peak 
values. (b–d) TEM images of Ag2O-Au nanocages with LSPR peak values at 655 nm, 685 nm, 
and 715 nm, respectively. As the LSPR peak redshifts from 655 nm to 715 nm, the pore size at 
the wall and corner of the nanocages increases. (e) HR-TEM image of Ag2O–Au with the 
LSPR peak value at 685 nm, the inset shows the FFT of the nanoparticle, confirming the forma-
tion of Ag2O after oxygen treatment. (f) Lattice spacing of Ag2O (2.23 A



) and Au (2.68 A


) in the 
Ag2O–Au-685 nanoparticle obtained from HRTEM. Reprinted with permission from Ref.184
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nitrogen reduction is possible on the surface of photocatalysts without the need for 
the sacrificial reagent. The EVBM of photocatalysts is not favorable for the nitrogen 
oxidation reaction (N2/NO), as nitrogen’s oxidation potential is more positive (1.68 V 
vs. RHE) than the EVBM of photocatalysts. The flat band potential (Efb) of Ag2O was 
determined to be 1.31 V vs. RHE, which is close to the EVBM of Ag2O (1.57 V vs. 
RHE) as shown in Figure 6.5a. Au not only provides active catalytic centers for water 
oxidation and nitrogen reduction through generating hot holes and electrons upon 
LSPR excitation, but also collects photo-generated electrons from the Ag2O semi-
conductor, retards electron-hole recombination and enhances charge transfer effi-
ciency for NRR. The photochemical nitrogen fixation tests are carried out in a 
single-compartment cell using photoelectrodes comprised of ITO supported nanopar-
ticles immersed in N2-saturated DI water with magnetic stirring under constant N2 
bubbling. The external light source shines through a one-inch quartz window placed 
in the front side of the cell (Figure 6.5b). A 300 W Xe light source provides the air 
mass (AM) 1.5 irradiance of 100 mW cm−2. The illumination intensity near the sam-
ple surface is calibrated using a standard Si-solar cell, and the distance is adjusted to 
6 cm to achieve one sun illumination. The cell is placed in the water bath to maintain 
the reaction temperature constant during the experiment to 20 °C and reduce thermal 
effects on the photocatalytic rate.

FIGURE 6.4  (a) XPS survey spectra, (b) XPS spectra of Au 4f, (c) Ag 3d, and (d) O1s for 
Ag2O, Ag2O–Au, and Ag–Au nanoparticles. All spectra were shift corrected using a standard 
reference C1s, C–C peak at 284.8 eV. Reprinted with permission from Ref.184
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Among all photoelectrodes tested (i.e., Ag2O-Au, Ag–Au, Ag2O, Au), Ag2O–
Au-685 nanocages showed the highest activity, with the ammonia yield of 61.3 mg m−2 
and STA of 0.017% after 2 h illumination (Figure 6.5c). This high activity is attrib-
uted to the combined effects of generated hot electrons by Au nanoparticles and 
photo-generated electrons by Ag2O semiconductor that enhanced the photocatalytic 

FIGURE 6.5  (a) Electronic band structure of Ag2O and Ag2O-Au photocatalysts for NRR. 
(b) Schematic of photochemical cell for NRR. (c) Ammonia yield and STA efficiency of vari-
ous photocatalysts under one sun illumination for 2 h in a N2 saturated pure water. (d) Ammonia 
yield of Ag2O–Au-685 under various operating conditions over 24 h. (e) Ammonia yield for 
photocatalysts with various LSPR peak values before (Ag–Au) and after (Ag2O-Au) oxygen 
treatment. (f) Stability test of Ag2O–Au-685 photoelectrode for ammonia production. Five 
consecutive tests are carried out for the period of 8 h (total 40 h) using Ag2O–Au-685 photo-
electrode. The electrolyte solution was replaced before starting each cycle. Reprinted with 
permission from Ref.184
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NRR activity. The photocatalytic NH3 production is further investigated by using a 
cutoff filter to provide visible light irradiation (400 nm < λ < 800 nm). The NH3 pro-
duction rate of 47.8 mg m−2 is obtained after 2 h visible light illumination with the 
visible light intensity of 455.2 W m−2, resulting to a ηSTA-Vis of 0.029%. The Ag–Au 
nanocages (ammonia yield: 36 mg m−2, ηSTA: 0.01%) exhibit a higher NRR activity 
than Ag2O (ammonia yield: 33.5 mg m−2, ηSTA: 0.0093%). Although it was shown that 
Ag is not an active site for NRR, Ag–Au nanocages benefit from the “cage effect” and 
higher active surface area compared with solid Ag2O nanocubes, which have higher 
light absorption capability.184 It should be noted that among all solid Au plasmonic 
nanoparticles (i.e., nanorods (AuNRs), nanocubes (AuNCs), and nanospheres 
(AuNSs)), AuNRs reveal the highest NRR activity (ammonia yield: 33.5 mg m−2, 
ηSTA: 0.0089%). This is attributed to the two plasmon peaks (transverse (510 nm) and 
longitudinal (746 nm) modes) observed for AuNRs which brings advantage in light 
absorption compared with one plasmon peak of AuNCs or AuNSs when all other 
operating conditions are the same (Figure 6.5c). In addition, through the oxygen 
treatment of AgNCs, solid Ag2O nanocubes are obtained. Remarkably higher NRR 
activity is achieved through hybrid nanocages oppose to pure Au nanoparticles. 

FIGURE 6.6  UPS spectra of Ag2O nanocubes and Ag2O-Au nanocages. The UPS spectra of 
(a) the secondary electron edge and (b) the valance bands are measured with He1 (21.22 eV) 
source radiation. (c and d) Bandgap determination of Ag2O nanocubes and Ag2O–Au nano-
cages using Kubelka–Munk theory. Reprinted with permission from Ref.184
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Ag2O–Au-685 nanocages are further tested throughout 24 h illumination. The ammo-
nia yield rate of 28.2 mg m−2 h−1 is obtained with N2 under illumination (N2, light) 
(Figure 6.5d). Significantly lower ammonia yield rates are achieved in Ar-saturated 
water with illumination (0.98 mg m−2 h−1) and N2-saturated water without illumina-
tion (0.83 mg m−2 h−1), indicating that N2 is the only source of NH3 obtained by 
photocatalytic NRR (Figure 6.5d). The small amounts of ammonia measured in con-
trol experiments could be attributed to the interaction of the adsorbed N2 at the cata-
lyst surface with water and the leakage of N2 from the atmosphere into the cell.158,219 
Ag–Au nanocages with various LSPR peak values (i.e., 645, 670, and 710 nm) and 
pore sizes are tested for photocatalytic NRR for 2 h illumination before (Ag–Au) and 
after O2 treatment (Ag2O–Au) (Figure 6.5e). For all nanocages, the ammonia yield 
increases after O2 treatment of Ag–Au nanocages, suggesting that the formation of 
Ag2O enhances the photocatalytic NRR activity for NH3 production. In addition, 
among Ag–Au nanocages with various LSPR peak values before O2 treatment, the 
ammonia yield increases as LSPR redshifts from 645 nm to 710 nm. This is attributed 
to the fact that as LSPR redshifts, Ag is replaced with Au through the galvanic 
replacement, and the Ag content of the nanoparticles decreases. This is favorable for 
increasing photocatalytic activity, as Au is an active nanocatalyst for NRR. Ag2O–
Au-685 nanocages showed the highest photocatalytic NRR activity. This is attributed 
to the compromise between the pore size, the active surface area of the nanoparticle, 
and the Ag content (transformed to Ag2O after O2 treatment) of Ag2O–Au nanocages. 
Higher Ag content (Ag2O–Au-655 has the highest Ag content, see Table 6.1) is ben-
eficial, as it is transformed to Ag2O after O2 treatment, which provides photo-excited 
electrons for NRR. In addition, in order to enhance photocatalytic NRR, it is neces-
sary to engineer the optimum pore size; this can be done by tuning the LSPR peak 
position to obtain the highest active surface area while reactants and products can 
diffuse in and out of the cavity without restrictions. An optimum Ag content and a 
pore size that maximizes photocatalytic NRR for NH3 production are achieved by 
using Ag2O–Au-685 nanocages (Figure 6.5e). The apparent QE (ηAQE) is calculated 
to be 1.2% for Ag2O–Au-685 nanocages using 685 nm bandpass filter with 15 nm 
bandwidth at FWHM. The performance of various hybrid photocatalysts in the litera-
ture is provided in Table 6.2. The stability of Ag2O–Au–685 for photocatalytic NH3 
production is evaluated for 40 h by conducting five consecutive cycles, each for 8 h 
(assuming 8 h of daylight per day) (Figure 6.5f). The photocatalyst could maintain 
continuous NH3 formation with a stable NH3 yield and ηSTA (92.5% performance 
retention). In addition, the TEM images and XPS spectra of the photocatalyst before 
and after the durability test show that the morphology and chemical states of nanopar-
ticles are reasonably maintained after a 40 h photochemical test (Figure 6.7). The 
transient photocurrent responses are measured for Ag2O–Au nanocages with various 
LSPR peak values supported on the ITO substrate, in N2-saturated 0.5 M LiClO4 (aq.) 
solution to evaluate the interfacial charge kinetics (Figure 6.8a). The schematic of the 
photoelectrochemical setup is shown in Figure 6.9. Ag2O–Au–685 exhibits the high-
est photocurrent response, suggesting the efficient charge separation and transfer pro-
cess using this photocatalyst. This result is in line with the greater photocatalytic 
activity of NRR for NH3 production using Ag2O–Au-685 nanocages. Furthermore, 
the photocurrent responses are compared in Ar- and N2-saturated electrolyte using an 
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Ag2O–Au-685 photoelectrode (Figure 6.8b). The higher photocurrent response in 
Ar-saturated electrolyte (64.3 nA cm−2), compared with N2-saturated electrolyte 
(54.1 nA cm−2), is attributed to the two possible pathways for photo-induced elec-
trons in an N2 atmosphere, where they can either be transferred to the ITO surface 
(photocurrent response) or to the adsorbed N2 molecules at the electrode-electrolyte 
interface. This decreases the number of electrons transferred to the ITO and therefore 
lowers the photocurrent response in an N2 atmosphere compared with an Ar atmo-
sphere, where only one electron pathway from the photocatalyst to the ITO surface is 
feasible (Figure 6.8b).242,244 The values of the transient photocurrent responses of all 
nanoparticles are provided in the supporting information (Table 6.1). It is important 
to note that ammonia yield does not change dramatically under visible light illumina-
tion (47.8 mg m−2) and on-plasmon resonance excitation at 685 nm (39.11 mg m−2). 
The difference between these two values (8.69 mg m−2) is the sole contribution of the 
Ag2O semiconductor, which is excited by off-plasmon resonance but has sufficient 
photon energy to stimulate the Ag2O. This strongly signifies the plasmonic excitation 
effect, which is further promoted by charge separation at the plasmonic metal–
semiconductor interface. Photoluminescence (PL) measurements are performed to 
examine the charge transfer for Ag2O and Ag2O–Au-685 photocatalysts, and emis-
sions are measured using 375 nm excitation wavelength (Figure 6.8c). The emission 
intensity in the PL spectrum of Ag2O–Au is remarkably lower than that of Ag2O, 
which is attributed to the fluorescence quenching by the Au nanoparticles. 
Furthermore, Nyquist plots are obtained by performing electrochemical impedance 
spectroscopy (EIS) under illumination (Figure 6.8d). The charge transfer resistance 

Table 6.1
Au, Ag Concentrations, Au Content (Mass % and at. %) of Various Type of 
Nanoparticles (Solid vs. Hollow) and their Corresponding LSPR and Transient 
Photocurrent Response. Au and Ag Concentrations are Determined using 
Inductively Coupled Plasma Emission Spectroscopy (ICPES).b Atomic Content 
(at. %) is Calculated using Au and Ag Concentrations Divided by the Molar 
Mass of Au (196.97 g mol−1) and Ag (107.87 g mol−1)

Photocatalyst
Type of 

Nanoparticle
LSPR 
(nm)

Au Conc. 
(μg mL−1)

Ag Conc. 
(μg 

mL−1)

Au 
Content 
(mass %)

Au 
Content 

(atom %)

Photo 
Current 

(nA cm−2)

Ag–Au Hollow 645 1.4 3.1 31.2 19.9 33.7
Ag2O–Au Hollow 655 40.2
Ag–Au Hollow 670 2.0 3.43 37.0 24.2 36.3
Ag2O–Au Hollow 685 53.8
Ag–Au Hollow 710 4.45 3.97 47.1 32.8 24.0
Ag2O–Au Hollow 715 33.6
Ag2O Solid 430 0 0.7 0 0 36.1
Au Solid NC 535 1.2 0 100 100 11.2
Au Solid NS 530 0.95 0 100 100 10.1
Au Solid NR 510, 746 0.5 0 100 100 19.7

Reprinted with permission from Ref.184
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Table 6.2
Summary of Prior Studies on Photocatalytic Nitrogen Fixation with Various 
Hybrid Photocatalysts

Photocatalyst
Reaction 

Conditions Light Source
Sacrificial 
Reagent

NH3 Yield 
Rate (nmol 
cm−2 h−1)a 
or (nmol 

mg−1 h−1)b ηSTA (%) ηAQE (%) Ref.

Au/black Si/Cr 10 mL H2O 
(l), ambient 
conditions

300 W, Xe lamp, 
200 mW cm−2

Sodium 
sulfite

78.3a 0.0037d 0.003 at 
500 nm

160

TiO2/Au/a-TiO2 15 mL H2O 
(l), ambient 
conditions

300 W, Xe lamp, 
100 mW cm−2

No 13.4a 0.0013d 0.005 at 
254 nm

161

Au/Nb-SrTiO3/
Ru

215 μL H2O 
+ HCl (l), 
ambient 
conditions

Xe lamp, 
550–800 nm

Ethanol 1.0a NA 3.8×10−5 
at 630 

nm

163

Au/Nb-SrTiO3/
Zr/ZrOx

H2O + HCl 
(l), ambient 
conditions

Xe lamp, 
550–800 nm

Ethanol 6.5a NA 0.95 at 
600 nm

117

TiO2 (Rutile) 200 mg 
catalyst in 
200 mL 
water

High pressure 
Hg lamp 300 W

No 8.8b 0.02 0.7 at λ < 
350 nm

219

m-PCN-V (98) 200 mg 
catalyst in 
100 mL 
water

Xe lamp No 14.58b 0.1 ∼1.0 at λ 
< 420 

nm

245

BOB-001-OV 50 mg 
catalyst in 
100 mL 
water

300 W Xe lamp 
with 420 nm 
cutoff filter

No 104.2b NA 0.23 at 
420 nm

227

Au/TiO2–OV c 100 mg 
catalyst in 
72 mL 
water and 
8 mL 
methanol

300 W Xe lamp 
with 420 nm 
cutoff filter

Methanol 78.6b NA 0.82 at 
550 nm

236

1 mol% 
Mo-doped 
W18O49

10 mg of 
catalyst in 
10 mL 
water

300 Xe lamp, 
200 mW cm−2

Sodium 
sulfite

195.5b 0.028 0.33 at 
400 nm

244

Au–Ru0.31 0.2 mg of 
catalyst in 
3 mL water

300 Xe lamp, 
400 mW cm−2

No 101.4b NA 0.21 at 
350 nm

234

Au–Ag2O 
nanocages

40 mL H2O 
(l), ambient 
conditions

300 W, Xe lamp, 
100 mW cm−2

No 165.9a 0.017 1.2 at 685 
nm

184

Reprinted with permission from Ref.184
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FIGURE 6.7  TEM images of Ag2O–Au-685 nanocages (a) before and (b) after the stability 
test in the photocatalytic reaction. XPS spectra of Ag2O–Au-685 photocatalyst before and 
after the stability test. (c) XPS survey spectra, (d) XPS spectra of O 1 s, (e) Au 4f, and (f) Ag 3d. 
All spectra were shift corrected using a standard reference C1s, C–C peak at 284.8 eV. 
Reprinted with permission from Ref.184
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(RCT) of Ag2O–Au (1.34 kΩ.cm2) is smaller than that of Ag2O (1.68 kΩ.cm2), suggest-
ing an enhanced transfer of photo-generated charge carriers, which could promote an 
efficient photocatalytic NRR. Isotopic labeling experiments using 15N2 gas further 
confirm the source of NH3 formation in photochemical NRR tests. The amounts of 
ammonia produced with 14N2 and 15N2 after photo-irradiation for 4 h are 16.5 μM and 
17.1 μM, which were analyzed using the indophenol method. Detailed discussion on 
various techniques for measuring ammonia accurately and essential control experi-
ments will be discussed in Chapter 7. The amount of ammonia is further measured by 
the NMR method. 1H NMR spectrum obtained from the sample in the photochemical 
14N2 reduction experiment lie at a chemical shift of triplet coupling of 14N2 similar to 
that of standard 14NH4

+ samples (J-coupling: 52  Hz). Doublet coupling of 15N2 
(J-coupling: 73 Hz) is obtained after photochemical 15N2 reduction reaction which 
agrees well with the standard 15NH4

+ solution. A small amount of 14NH4
+ is observed 

(4 μM) after 15N2 reduction experiments, indicating the possible leakage of 14N2 from 
the atmosphere into the cell (Figure 6.10). By carefully isolating the cell and 

FIGURE 6.8  (a) Transient photocurrent response of Ag2O-Au with various LSPR peak val-
ues. (b) Transient photocurrent response of Ag2O–Au-685 in N2 and Ar-saturated 0.5 M LiClO4 
(aq.) solution under 1 sun illumination. Photocurrent responses are measured at the open cir-
cuit voltage of the cell. (c) Photoluminescence spectra of Ag2O and Ag2O–Au-685 photocata-
lysts. Both samples were excited with 375 nm excitation source. (d) Nyquist plots of the 
Ag2O–Au-685 under photo-irradiation at an applied potential of 0.5 V (vs Ag/AgCl) in 0.5 M 
LiClO4 (aq.) solution. The equivalent circuit model in the inset comprises charge transfer resis-
tance (RCT), double layer capacitance (CDL), and ohmic resistance (RS). RCT was obtained from 
the diameter of semicircles for each photocatalyst. Reprinted with permission from Ref.184
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maintaining a slight positive pressure of 15N2 through connecting the cell’s headspace 
to the gas sampling bag, we successfully decreased the leakage of 14N2 (Figure 6.10). 
The amount of ammonia quantified using 1H NMR measurement is very close to the 
amount of ammonia measured using indophenol method (16.9 μM for 14NH4

+ and 
16.6 μM for 15NH4

+ using 1H NMR measurements) which further confirms that the 
supplied N2 gas is the major source of NH3 formation in the system.

The work discussed in this chapter opens up a new avenue for the design of an effi-
cient visible-light responsive hybrid hollow plasmonic-semiconductor photoelectrode 
with broad applications in the photo(electro)chemical energy conversion systems.

FIGURE 6.9  The schematic of the photoelectrochemical setup for performing transient pho-
tocurrent and EIS measurements. The electrolyte is N2- or Ar-saturated 0.5 M LiClO4 (aq.) 
solution. Pt counter electrode and Ag/AgCl reference electrode were used for measurements. 
The light source is 300 W Xe lamp with one sun illumination intensity (100 mW cm−2). 
Reprinted with permission from Ref.184

FIGURE 6.10  1H NMR spectra of samples after photochemical 15N2 (14N2) reduction reac-
tion under 1-sun illumination for 4 h using Ag2O–Au-685 nanocages and standard 15NH4

+ and 
14NH4

+ samples. Reprinted with permission from Ref.184
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Ammonia Detection

7.1 � INTRODUCTION

Accurate determination of ammonia produced during electrochemical and photo-
chemical nitrogen fixation is imperative to report ammonia formation rate, Faradaic 
efficiency, and energy efficiency. Ammonia is a small, polar molecule, and it is highly 
soluble in water (482 g L−1 at 24 °C).101,146 The quantitative measurement of ammo-
nia is typically performed in aqueous solutions, where the concentration of absorbed 
ammonia in the solution is determined using various techniques. However, the mea-
surement is affected by background ammonia in the system and false-positive results 
for ammonia synthesis, distinguished from Faradaic reactions for ammonia synthesis 
at the electrode through a set of control experiments. Ammonia is an aqueous solu-
tion that exists in two forms, the ammonium ion (NH4

+) and un-ionized ammonia 
(NH3), and it follows the equilibrium relationship (Equation 7.1).101 The relative con-
centrations of two forms are pH- and temperature-dependent (Equations 7.2 and 
7.3).101,246,247

	 NH aq H O l NH aq OH aq3 2 4� � � � � � � � � � �� � 	 (7.1) 

	 pKa = 0.09018 + 2729.92(273.15 + T)−1	 (7.2) 

Fraction of un-ionized ammonia is

	 (%) = 100 (1 + 10pKa – pH)–1	 (7.3) 

where pKa is the dissociation constant for ammonium ion and T is the temperature 
(°C). Therefore, the fraction of unionized ammonia in the solution increases as the 
pH or the temperature of the solution increases. For the determination of total ammo-
nia concentration, the pH of the solution is adjusted to shift the equilibrium of 
Equation (7.1) toward either ammonium ion or un-ionized ammonia, whose concen-
tration is determined after that. There are various analytical methods and instruments 
for determining ammonia concentration, including Nessler’s reagent method, indo-
phenol blue method, salicylate method, ion chromatography, ammonia gas-sensing 
electrode and ammonium ion-selective electrode, fluorometric method, conductivity 
method, titrimetric method, and enzymatic method.248,249 Fourier transform infrared 
spectroscopy (FTIR) and 1H NMR have also been used to detect ammonia. In par-
ticular, 1H NMR has been widely used in isotopic labeling experiments, in which 
15N-labeled N2 is used as the feed gas to confirm the origin of N in the produced 
ammonia. Hydrazine (N2H4), a common byproduct of N2 reduction reaction, is usu-
ally determined using Watt and Chrisp’s method.250 This spectrophotometric method 

7
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measures the yellow color developed upon the addition of para‑dimethylaminobenz-
aldehyde to dilute hydrochloric acid solutions containing hydrazine.

7.2 � NESSLER’S REAGENT METHOD

Nessler’s reagent was invented by Julius Nessler in 1856. This method consists of 
mercury (II) iodide and potassium iodide in an alkaline solution, either sodium 
hydroxide or potassium hydroxide.251 Nessler’s reagent gives a colored complex 
when added to solutions containing low ammonia concentrations, and a colloidal 
solution is formed (Equation 7.4).

	 2K2HgI4 + NH3 + 3KOH → HgO. Hg(NH2)I ↓  + 7KI + 2H2O	 (7.4) 

As a result, the concentration of ammonia in the solution can be determined col-
orimetrically at wavelengths between 400 and 425 nm.252–254 Ammonia detection 
using the Nessler’s reagent method is interfered with by various metal cations (except 
sodium and potassium), hydrazine, and carbonyl compounds.255–257 Due to the 
Nessler’s reagent’s high alkalinity, metal cations may precipitate as hydroxides, cre-
ating turbidity that interferes with colorimetric measurements. A common approach 
to clarify turbid samples is to add zinc sulfate and sodium hydroxide solutions fol-
lowed by filtration.258 Rochelle salt (potassium sodium tartrate tetrahydrate, 
KNaC4H4O6·4H2O) solution is then added to eliminate residual cations’ influence to 
prevent the formation of cloudy samples.255 Nessler’s reagent contains mercury, 
which is a hazardous material. Therefore, it has to be stored, handled, dispensed and 
disposed of properly according to laws and regulations.

FIGURE 7.1  UV–vis absorbance spectra for standard ammonia solutions with various con-
centrations. UV–vis calibration curve for ammonia quantification using Nessler’s method. 
Known concentration of ammonium ions are added to 0.5 M LiClO4 (aq.) electrolyte and 
mixed thoroughly with 1 mL of 0.2 M KNaC4H6O6 and 1 mL of Nessler reagent and then the 
absorbance at 400 nm is measured by the UV–vis spectrophotometer. The value of blank elec-
trolyte is subtracted from all other concentrations as background. Reprinted with permission 
from Ref.176 Copyright 2020, American Chemical Society.
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To obtain the calibration curve in the Nessler’s reagent method, a known volume 
of standard ammonia solution is added to the tube (Figure 7.1). Next, the tube is 
filled with 0.5 M of the electrolyte solution used in NRR experiments until the total 
volume reaches 10 mL. Then, 1 mL of 0.2 M potassium sodium tartrate in DI water 
is added to each of the tubes. Finally, 1 mL of Nessler reagent is added to each of the 
tubes and mixed thoroughly. The tubes are kept undisturbed for 20 min for color 
development and then the absorbance at 400 nm is measured using a spectrophotom-
eter. The absorbance for the blank sample without adding a standard NH3 solution is 
subtracted from all samples for background correction.

7.3 � INDOPHENOL BLUE METHOD

The indophenol blue method is based on the Berthelot reaction. It is one of the stan-
dard methods for examining water and wastewater.259–261 In this method, blue colored 
indophenol is formed from ammonia reaction with hypochlorite and phenol in an 
alkaline medium.262 This reaction proceeds through several steps. The first is the 
reaction between ammonia and hypochlorite at pH 9.7–11.5 to give monochlora-
mine. The monochloramine then reacts with phenol to give quinone chloramine in 
the presence of sodium nitroprusside, which acts as a catalyst. The quinone chlora-
mine further reacts with phenol to form yellow associated indophenol. The indophe-
nol dissociates in an alkaline medium to give a blue color, which can be quantitatively 
determined calorimetrically at wavelengths between 630 and 650 nm.263,264

The indophenol blue method is specific for ammonia species since organic nitro-
gen compounds, nitrite, nitrate, and various electrolytes only slightly interfere.265–267 
However, when their concentrations in the solution are more than ammonia, they 
may suppress the indophenol blue reaction.264 In addition, interference produced by 
the precipitation of magnesium and calcium ions at high pH can be eliminated by 
complexing these ions with citrate.268

To obtain the calibration curve in this method, 2 mL of sample (standard ammonia 
solution or sample from the experiment) is added to a tube vessel. Then, 2 mL of a 
1 M sodium hydroxide aqueous solution containing 5 wt% salicylic acid and 5 wt% 
sodium citrate is added to the tube vessel, followed by the addition of 1 mL of 0.05 M 
sodium hypochlorite solution and 0.2 mL of 1 wt% sodium nitroferricyanide aqueous 
solution. After 2 h at room temperature, the absorption spectrum was measured using 
a UV–vis spectrophotometer. The formation of indophenol blue was determined 
using the absorbance at a wavelength of 655 nm. The concentration-absorbance 
curves were calibrated using standard ammonia solutions (e.g., 1 μg mL−1) with vari-
ous dilution factors (Figure 7.2). The blank sample’s absorbance without adding stan-
dard NH3 solution is subtracted from all samples for background correction.

7.4 � ION CHROMATOGRAPHY

Cationic species are separated based on their interaction with a cation-exchange 
material (stationary phase) and an eluent (mobile phase) in an ion chromatograph. As 
the eluent runs through a column packed with the cation-exchange material, cationic 
species move through the column at different speeds and separate from each other. 
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The separated cations are typically detected using a conductometric detector, and 
they are distinguished by comparing their retention times with those of known stan-
dard samples run individually. Quantitative measurements are conducted by measur-
ing peak areas and comparing them to the areas obtained from standard samples.269 
Ion chromatography provides the advantage of simultaneous separation and detec-
tion of alkali and alkaline earth metal ions and ammonium ions in a single run with 
high sensitivity and good reproducibility.270,271 However, ions with similar retention 
times may interfere with each other, especially when these ions are present in differ-
ent concentrations. For example, common cation-exchange materials have similar 
selectivity for ammonium and sodium ions, and it is difficult to obtain a suitable reso-
lution if the concentrations of these two cations are remarkably different.272 To over-
come this problem, it is recommended to use columns with higher cation-exchange 
capacities, which can provide better resolution of ammonium ions from sodium 
ions.273 In addition, macrocyclic ligands can form complexes by selectively coordi-
nating cations within their cavities and using them either in the stationary phase or in 
the mobile phase can significantly change the selectivity of the column toward 
ammonium and sodium ions.274,275 A column-switching technique can be utilized to 
increase the resolution between ammonium and sodium ions.276

7.5 � 1H NUCLEAR MAGNETIC RESONANCE (NMR) 
QUANTIFICATIONS

1H NMR has been widely used recently to measure ammonia quantitatively. 1H NMR 
can distinguish the N isotopes, as the scalar interaction between 1H and 15N in 15NH4

+ 
results in a splitting of the 1H resonance into two symmetric signals with a spacing of 
73 Hz, while the 1H resonance coupled to 14N in 14NH4

+ is split into three symmetric 
signals with a spacing of 52 Hz.121,145

FIGURE 7.2  UV–vis absorption curves for samples with known NH4
+ concentration using 

indophenol blue method. Calibration curve for NH3 quantification based on the values of 
absorption peaks at 655 nm. The peak absorbance value at 655 nm is measured by UV–vis 
spectrophotometer. The value of blank electrolyte is subtracted from all other concentrations. 
Reprinted with permission from Ref.184
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The 15N2 gas was pre-purified by passing through the acid solution (1 mM H2SO4) 
followed by distilled water traps to remove any NOx and NH3 contamination in the 
15N2. 14NH4 is quantified from its signal at 6.93 ppm, and a calibration curve is 
obtained by the integration of this signal (6.93 ppm) as a function of concentration 
using 14NH4

+ standard solutions made up from 14NH4Br. 15NH4 is quantified from its 
signal at 6.97 ppm, and a calibration curve is obtained by the integration of this signal 
(6.97 ppm) as a function of concentration using 15NH4

+ standard solutions made up 
from 15NH4Cl (Figure 7.3). For the aqueous electrolyte, 500 μL of the sample is 
mixed thoroughly with 100 μL of DMSO-d6 as a locking solvent. For the non-
aqueous electrolyte, 500 μL of a sample is mixed thoroughly with 50 μL of DMSO-d6 
and 50 μL of 0.5 M H2SO4 (aq.). All experiments were carried out with water sup-
pression and 1000 scans. All peak areas were normalized to the DMSO-d6 area peak 
at 2.49 ppm. This method is sensitive to detect ammonia from measurements down 
to 51 ppb using 800 MHz NMR instrument.

FIGURE 7.3  (a) 1H NMR spectra for the standard 14NH4
+ solutions with various concentra-

tions. (b) Peak area calibration curve of the 1H NMR signal at 6.93 ppm for standard solutions 
of 14NH4

+ (25, 50, 75 μM). (c) 1H NMR spectra for the standard 15NH4
+ solutions with various 

concentrations. (d) Peak area calibration curve of the 1H NMR signal at 6.97 ppm for standard 
solutions of 15NH4

+ (25, 50, 75 μM). All peak areas were normalized to the DMSO-d6 area 
peak at 2.49 ppm. Reprinted with permission from Ref.184
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7.6 � VARIOUS SOURCES OF CONTAMINATION IN NRR 
EXPERIMENTS

Various sources of contamination might result in false-positive ammonia measure-
ments, which should be treated carefully. Most notably, the proton exchange mem-
brane (e.g., Nafion) can act as the source or sink for ammonia during N2 electrolysis. 
For instance, Nafion 211 and cation-exchange membrane are commonly used in the 
gas- and liquid-phase measurements. In the gas-phase system, the membrane is 
washed with dilute H2SO4 (aq.) and DI water before use in each measurement to 
extract ammonia present in the membrane. In addition, in the liquid-phase experi-
ments, the membrane should be exchanged frequently from time to time and for each 
new operating condition. Recent studies suggested the use of a separator (Daramic or 
Celgard), which has shown a greater performance in recovering ammonia at the cath-
ode side.145 15N2 (98 atom% 15N) should be purified with the acid trap to remove any 
NOx or NHx species present in the gas stream. It is noted that the reduction of NOx to 
NH3 is feasible at the catalyst surface, resulting in false-positive ammonia if the gas 
stream is not cleaned carefully. The use of N-containing (e.g., AgNO3) reagents dur-
ing the nanoparticle synthesis process should be carefully monitored. Nanoparticles 
must be cleaned carefully by centrifugation at least two times at the appropriate rpm 
(e.g., 10,000–12,000 rpm) to remove excess capping agent after the synthesis and 
before use in NRR experiments. This could be a new source of nitrogen, which might 
result in false-positive ammonia measurement.

Greenlee et al. proposed a general approach to the accurate and reliable measure-
ment of synthesized ammonia (Figure 7.4a).146 (i) For each catalyst and at each con-
dition, a set of nonelectrochemical and electrochemical experiments should be 
performed in both Ar- and N2-saturated environments. (ii) Experiments should be 
repeated to verify that ammonia measurements are reproducible and reliable. (iii) 
The amount of ammonia produced should be calculated as ΔNH3,N2,echem-ambient − 
ΔNH3,Ar,echem-ambient, where ΔNH3,N2,echem-ambient is the ammonia measured in an N2 elec-
trochemical experiment and ΔNH3,Ar,echem-ambient is the ammonia measured in an Ar 
electrochemical experiment. Both of them include background and nonelectrochemical 
ammonia subtractions. (iv) Once a promising N2 reduction catalyst is identified with 
the general approach presented in Figure 7.4a, isotope studies using 15N-labeled N2 
should be conducted to verify that N2 is, in fact, being reduced to ammonia. The 
amount of ammonia measured in the isotope studies should be similar to that 
measured in the experiment using 14N2. Commercial 15 N2 may contain trace levels of 
15N-labeled ammonia, NOx contaminants that hydrolyze, affording nitrate or nitrite 
ions, and nitrous oxide277. It is recommended even with confirmation of ammonia 
synthesis with isotope studies, a full set of Ar and N2 control experiments with and 
without applied potential should be performed. In addition, a combination of differ-
ent ammonia detection methods can provide more reliable and convincing results 
compared to a single approach because the latter may suffer from interference.88,278 
Andersen et al. suggested the protocol for benchmarking electrochemical NRR 
(Figure 7.4b).145 The authors suggest that adventitious ammonia and other nitrogen-
containing compounds in the setup should be determined first (part 1 in Figure 7.4b). 
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FIGURE 7.4  (a) Flow diagram of a general approach to the accurate and reliable measure-
ment of electrochemical ammonia synthesis. Reproduced with permission from Ref.146 
Copyright 2018 American Chemical Society. (b) Suggested protocol for the benchmarking of 
electrochemical nitrogen reduction. The three parts in the diagram include, (i) identifying the 
sources of contamination in NRR experiments, (ii) membrane and catalyst contamination, and 
(iii) isotopic labeling experiments. Reproduced with permission from Ref.145
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Subsequently, the sources of adventitious ammonia should be assessed if the 
measured contamination levels are within an order of magnitude of the ammonia 
produced (part 2 in Figure 7.4b). Finally, an isotope-labeled 15N2 study should be 
carried out, and the synthesized ammonia should be comparable to the ammonia 
measured in part 1. A recent study also pinpointed the importance of gas purity, par-
ticularly 15N2 in NRR experiments.279
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Reaction Mechanisms 
for Nitrogen Fixation

8.1 � INTRODUCTION

The N2 reduction reaction proceeds with breaking the N≡N triple bond and forms 
three N−H bonds for ammonia formation. On a heterogeneous catalyst, N2 will bond 
to the catalyst surface and then dissociate to two adsorbed N atoms (a dissociative 
mechanism). It may be possible that N2 becomes protonated by forming N2−H, and 
further hydrogenation results in creating two ammonia molecules. According to the 
Sabatier principle, the optimal catalyst will have the intermediate binding energy of 
a key reaction intermediate (e.g., NHx

* or N2Hx
* species, where 0≤x≤2 and * denotes 

a surface-bound species).
DFT calculations and microkinetic analysis revealed how this trade-off identified 

Fe and Ru catalysts as the optimal materials for the Haber–Bosch process. For the 
dissociative pathway, it was shown that the binding energies of NHx (0≤x ≤2) species 
correlate with each other on late transition metals.280 This correlation relates the bind-
ing energy of all reaction intermediates on various catalyst surfaces using a single 
descriptor, which is the binding energy of N* to the surface. Brønsted–Evans–Polanyi 
(BEP) relationships have been shown to hold for elementary N–N dissociation and 
N–H bond formation steps, linearly correlating the elementary activation barriers with 
the reaction energies.281 This leaves the metal–N* binding energy as a single descrip-
tor that dictates all elementary reaction energies and activation barriers. Therefore, the 
overall rate of the ammonia synthesis reaction on late-transition-metal surfaces.

On the other hand, discovering and designing high-performance catalysts by opti-
mizing their structure and composition requires advanced experimental techniques to 
evaluate, characterize, and understand photo-electrocatalysts. To this end, existing 
and future advances in in situ/operando characterization techniques (e.g., vibrational 
spectroscopy, X-ray spectroscopy) may bridge this gap in understanding and acceler-
ating catalysts’ development.

8.2 � SABATIER PRINCIPLE AND SCALING RELATIONS

Sabatier principle for N2 reduction reaction rate results in generating a “volcano” plot, 
with the activity is plotted against N* binding energy (Figure 8.1a). Metal catalysts to 
the left (strong N* binding) result in lower ammonia synthesis rates due to slow N–H 
formation (limited by product desorption), and metals to the right (weak N* binding) 
are limited by N2 activation. The BEP linear correlation between the N2 dissociation 
transition state stability and the N* binding energy is shown in Figure 8.1b. It reveals 
that no metal exists that combines intermediate N* binding and a low energy N2 dis-
sociation transition state (bottom middle of plot). As the optimal catalyst at the top of 

8
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the ‘volcano’ indicates, a significant activation barrier for both N2 dissociation and 
N–H bond formation exists. Therefore, the Haber–Bosch reaction must be performed 
at an elevated temperature (400–500 °C) to reach an acceptable rate. As higher tem-
perature limits equilibrium conversion for the overall reaction (forward reaction N2 + 
3H2 ↔ 2NH3), high pressure must be used to reach reasonable conversions. 
Electrochemical NRR will be initiated by forming N2H* species before completely 
breaking the N≡N triple bond. However, the volcano relationship suggests that late 
transition metals would have limitations to reduce N2 through the electrochemical 
path (Figure 8.1c).280 This is due to the significant overpotential for N2 reduction reac-
tion regardless of the associative and dissociative pathways. Since hydrogen evolution 
has lower overpotentials and kinetically favorable, N2 reduction suffers from a selec-
tivity challenge. This is also consistent with the experimental findings, which suggest 
that no late-transition metal is highly active or selective for electrochemical NRR at 
ambient temperature. Catalytic systems/materials that either lower activation barriers 
relative to the late-transition metal BEP relationships or break scaling or BEP relation-
ships altogether are needed.52 For catalytic reactions involving multiple reaction inter-
mediates, the scaling relations indicate that the binding energies of different 
intermediates are strongly correlated, limiting the possibilities of finding good cata-
lysts by separately optimizing each elementary step. Overcoming this limitation 
requires decoupling the binding energies of different intermediates, possibly by con-
structing active sites with a three-dimensional character that can bind different reac-
tion intermediates in different ways or by selectively stabilizing some of the reaction 
intermediates via some external mechanism while not stabilizing others.101,282,283

8.3 � TRANSITION-METAL CATALYSTS

Using DFT calculations, electrochemical ammonia synthesis was investigated on a Ru 
(0001) catalyst surface at room temperature and atmospheric pressure.284 The energy 
diagram for the hydrogenation of N2 via an associative mechanism on a MoFe6S9 
complex and a Ru (0001) surface. The MoFe6S9 complex was used to model the active 
site of FeMo cofactor in the enzyme nitrogenase. It was found that the most stable 

FIGURE 8.1  Computational predictions and theory-based limitations for heterogenous 
(electro) catalysts. (a) Volcano plot for ammonia synthesis on late transition metals. Reprinted 
with permission from Ref.283 (b) Scaling relationship for N2 dissociation transition state inter-
mediate on late transition state metals. Reprinted with permission from Ref.283 (c) Proposed 
volcano plot for electrochemical nitrogen reduction on late transition metals. Reprinted with 
permission from Refs.52,280
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intermediates on both catalysts were very similar, and there was a relatively large 
energy barrier for the formation of the N2H intermediate. As biological N2 fixation can 
occur at room temperature, it was proposed that the chemical potential of protons and 
electrons supplied by the enzyme is higher than that of hydrogen in H2.284 Similarly, 
providing extra energy to the reaction through the electrochemical route results in an 
increase of the chemical potential of protons and electrons. This further suggests that 
by applying a negative electric potential, the Ru (0001) surface should be able to pro-
duce ammonia at room temperature and atmospheric pressure. However, as protons 
bind stronger than N2 molecules to the Ru (0001) surface, hydrogen evolution should 
compete with ammonia synthesis. N2 reduction pathways on a stepped Ru surface 
were explored using DFT calculations.285 The results indicated that the dissociation of 
N≡N triple bonds at the early stage of the reaction (*N2 → 2*N, *NNH → *N + *NH, 
and *HNNH → 2*NH) are kinetically difficult under ambient conditions due to high 
activation barriers (>1 eV). However, other N − N bond dissociation steps (*N2H2 → 
*NH2 + *N, *NH2NH → *NH2 + *NH, and *NH2NH2 → 2*NH2) have small activation 
barriers. As a result, one of the most dominant reaction pathways was expected to be 
*N2H → *HNNH → *NH2NH → *NH2 + *NH → 2*NH2 → *NH2 + NH3 → 2NH3. In 
addition, in the low overpotential region, hydrogen adsorption was thermodynami-
cally more favorable than N2 protonation. The Ru stepped surface was covered by *H, 
which reduces the number of available active sites but also results in an increase in the 
overpotential for the N2 reduction reaction.285 The detailed theoretical evaluation of 
transition-metal surfaces for electrocatalytic NRR was demonstrated using DFT cal-
culations in combination with a computational standard hydrogen electrode (SHE).280 
The free energy diagrams for the NRR on a range of flat and stepped transition-metal 
surfaces in contact with an acidic electrolyte (pH = 0) were calculated. The catalytic 
activity trends were then predicted, assuming that the activation energy barrier scales 
with the free energy difference for each elementary reaction step.

Analogous to the hydrogen evolution reaction, the combination of adsorbed N2Hx 
or NHx species with H adatoms on the electrode surface is called Tafel-type reactions, 
and the combination of adsorbed N2Hx or NHx species with protons from the solution 
and electrons from the electrode is called Heyrovsky-type reactions. Heyrovsky-type 
reactions, in which adsorbed N2Hx or NHx species react directly with protons from the 
solution and electrons from the electrode, were considered for associative and disso-
ciative mechanisms. However, Tafel-type reactions, in which protons from the solu-
tion are first reduced on the surface, and then the H adatoms react with the adsorbed 
N2Hx or NHx species, were not considered due to the high activation barriers (≥1 eV) 
for the Tafel-type reactions (*H + *NHx → *NHx + 1) for most transition-metal sur-
faces at room temperature. Volcano-shaped curves were obtained when the minimum 
theoretical potential for electrochemical ammonia synthesis was plotted as a function 
of the chemisorption energy of N adatoms on selected transition-metal surfaces 
(Figure 8.1c). Transition-metal surfaces residing on top of the volcano plot, including 
Mo, Fe, Rh, and Ru, are estimated to provide the highest catalytic activity for ammo-
nia formation. However, at negative applied bias, the catalyst surfaces will be covered 
with protons, and hydrogen evolution will be kinetically more favorable than NRR. 
For those late transition-metal surfaces on the right side of the volcano plots, more 
negative potentials are required to accomplish the N2 reduction reaction. In addition, 
these surfaces are prone to be covered with H adatoms rather than N adatoms at the 
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negative bias, and they are limited by the activation of reactants. Interestingly, calcu-
lations indicate early transition-metal surfaces such as Sc, Y, Ti, and Zr, on the left 
side of the volcano plots, are expected to bind N adatoms more strongly than H 
adatoms; therefore, significantly higher Faradaic efficiencies toward ammonia pro-
duction compared with hydrogen evolution are expected if a bias of −1 to −1.5 V vs. 
SHE is applied on those metal electrodes. In addition, flat surfaces of the early transi-
tion metals are predicted to be catalytically more active than the stepped surfaces.

The overpotential requirements in low-temperature electrocatalytic NRR via an 
associative mechanism using linear scaling relations of intermediates’ adsorption 
energies were calculated using DFT. It was found that the linear scaling between the 
adsorption energies of two key intermediates in NRR, *N2H and *NH2, require over-
potentials of at least −0.5 V to drive the electrochemical reduction of N2 to ammo-
nia. The theoretical limiting potentials for N2 reduction and hydrogen evolution as 
a function of the *N binding energy on selected transition-metal surfaces were com-
pared. The N2 reduction reaction requires consistently more negative potentials 
(i.e., larger overpotentials) than hydrogen evolution. The smallest difference in the 
required overpotentials for N2 reduction and hydrogen evolution is 0.5 V that is 
observed for Re(111) (Figure 8.2). These findings from theoretical calculations 
may explain the lack of high ammonia yield rates on transition metals. To design 
electrocatalysts with high activity and selectivity for N2 reduction, the scaling rela-
tion has to be broken by selectively stabilizing *N2H or destabilizing *NH2. The 
electrolyte design should be pursued in addition to engineering catalysts to sup-
press hydrogen evolution, which is the primary side reaction in electrochemical 
NRR. For example, using ionic liquids help to increase N2 solubility and promote 
NRR at low overpotentials.286 In addition, controlling the number of protons access-
ing the catalyst surface may contribute to increased ammonia selectivity.287 To 
understand the performance of Pd–Ag nanoparticles toward NRR, the free energy 
diagram of some key reaction intermediates (i.e., H vacancy (*Hvac) and *NNH) is 
examined using DFT calculations. For pristine Pd, it is known that the α-phase of 

FIGURE 8.2  Comparison of the theoretical limiting potentials required for N2 reduction and 
hydrogen evolution for (111) and (211) surfaces. The *N binding energy was chosen as a 
descriptor for both N2 reduction and hydrogen evolution because of the N and H adsorption 
energies scale. Reprinted with permission from Ref.97
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PdH is the most thermodynamically stable phase under electrochemical operating 
conditions.133 The model used for DFT calculations was a (211) surface of PdH 
where 2/3 of the surface is covered by a monolayer of *H. The formation of H 
vacancies is required for N2 to be adsorbed onto active edge sites of the Pd (211) 
surface. The thermodynamic energy barrier (∆G) for *Hvac formation is 0.12 eV, 
followed by an endothermic reaction step of *N2 hydrogenation with a ∆G value of 
1.24 eV. This step is the potential-determining step (PDS). *N2 hydrogenation is 
assisted by the Grotthuss-like proton-hopping mechanism present in a hydrated 
environment.133 The energy difference for Ag replacement at different sites in the 
structure is close in energy. Therefore, seven various sites on the PdH (211) surface 
are examined to study the binding strength of adsorbates after replacing Pd atoms 
with Ag atoms. When Pd atoms closest to the adsorption sites (sites 1 and 2) are 
replaced by Ag, the binding energy of *NNH is weakened by 0.01 and 0.36 eV, 
respectively (Figures 8.3a and 8.3b). In addition, when Pd atoms far from the 

FIGURE 8.3  (a) Calculated free energy diagram for H vacancy formation (*Hvac) followed 
by *N2 reduction to *NNH on the PdH (211) surface with Ag replacement at different sites. All 
free energies of *Hvac and *NNH on the PdH (211) surface are used as the energy reference. The 
inset figure shows the *H binding energy is weakened on the catalyst surface after replacing the 
Pd atom by Ag atom at site 1. (b) The top and side views of the adsorbed *NNH on PdH (211) 
surface. Ag_n denotes the different sites when Pd (n) is replaced by Ag. (c) Calculated free 
energy diagram for the H vacancy formation (*Hvac) followed by the *N2 reduction to *NNH on 
the PdH (211) surface with Ag replacement at different sites. All the free energies of *Hvac and 
*NNH on the PdH (211) surface is shown in their absolute value. (d) Calculated free energy 
diagram for the hydrogen evolution reaction on the PdH (211) surface with Ag replacement at 
different sites. Reprinted with permission from Ref.176
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adsorption sites (sites 3–7) are replaced with Ag, the binding energies of *NNH for 
various adsorption sites are enhanced by ~0.05 eV. While replacing Pd by Ag results 
in an increase in the thermodynamic energy barrier for *N2 reduction to *NNH, it 
weakens the *H binding energy of Pd, raises the ∆G from −0.23 to 0.15 eV, thereby 
decreasing HER activity on the catalyst surface (Figures 8.3c and 8.3d). Without 
the presence of Ag atoms, protons would cover most active sites on the Pd nanopar-
ticles. The presence of Ag in bimetallic Pd–Ag nanoparticles suppresses the HER 
and provides more intrinsically active sites for NRR.

8.4 � EX SITU CHARACTERIZATIONS OF CATALYSTS

Electrocatalytic measurements commonly utilize ex situ characterizations, including 
electron microscopy (e.g., scanning or transmission), X-ray spectroscopy (e.g., pho-
toelectron spectroscopy), and various electrochemical methods (e.g., cyclic voltam-
metry) to characterize catalysts before and after the reaction. These measurements 
provide information on catalyst composition, structure, selectivity, and activity 
toward specific products. However, these techniques cannot provide a comprehensive 
picture of the electrocatalytic phenomena (e.g., active sites of catalysts or structural 
changes during the electrochemical reaction) as the catalyst might change under the 
reaction conditions.288–290 This informs ex situ and operando characterization tech-
niques to complement ex situ measurements.

8.5 � OPERANDO SURFACE-ENHANCED RAMAN SPECTROSCOPY 
(SERS) MEASUREMENTS

In situ and operando surface-enhanced spectroscopy is a technique well suited to 
probe electrochemical reactions at the electrode/electrolyte interface. Several studies 
have shown great success in studying electrocatalytic water splitting and CO2 reduc-
tion reactions.291–293 Surface-enhanced infrared absorption spectroscopy (SEIRAS) 
was recently used to determine electrocatalytic NRR mechanisms on Au and Pt sur-
faces.294 Operando surface-enhanced Raman spectroscopy (SERS) allows for the 
detection of intermediate species even in low abundance and is used for the determi-
nation of NRR mechanisms using trimetallic Au–Ag–Pd nanostructures.

Spectroelectrochemistry is a powerful technique that combines spectroscopy and 
electrochemistry. In this method, a potentiostat is used to apply potential on a SERS 
active substrate that is then monitored by changes in a spectrum. The Operando SERS 
cell consisted of machined Teflon parts and fittings outfitted with an Au counter elec-
trode, an Ag/AgCl reference electrode, an Au working electrode with an area of 
0.01 cm2. 1 μL of prepared nanoparticles was drop casted onto Au and left to dry under 
ambient conditions for 2 h. Before each test, the electrolyte solution is purged with N2 
or Ar for 30 min. Cyclic voltammetry (CV) tests are carried out at the potential range of 
0.97 to −0.63 V vs. RHE with the scan rate of 2.5 mV s−1 in N2- or Ar-saturated 
solution.

To probe the possible reaction mechanisms and track the intermediate species in 
electrocatalytic NRR, operando SERS spectra are collected during the CV tests on 
the SERS active substrate, which is comprised of Au–Ag–Pd nanoparticles deposited 



https://www.twirpx.org & http://chemistry-chemists.com

Reaction Mechanisms for Nitrogen Fixation� 119

on the Au thin film working electrode. The spectroelectrochemical setup and CV 
curves are shown in Figure 8.4. The SERS spectra in N2- and Ar-saturated LiClO4 
(aq.) solution contain the vibrational band located at 932 cm−1, which is attributed to 
the stretching mode of the ClO4

− anion (Figure 8.5a and 8.5b). In addition, the wide 
vibrational band centered at 3415 cm−1 corresponds to O-H stretching. As the poten-
tial is swept to negative values in the reductive pathway (0.97 V to −0.23 V vs. RHE), 
the faint evolution of three vibrational modes at 1094, 1393, 1601 cm−1 is observed, 
reaching their highest intensity at −0.23 V; these can be classified as N–N stretching, 
H–N–H bending, and N–H wagging, and these suggest the formation of N2H4 as an 
intermediate species (Figures 8.5a, 8.5c, and 8.5d).142,294 Two more peaks centered at 
2937 cm−1 and 3605 cm−1 are evolved at −0.23 V, corresponding to the N–H asym-
metric and symmetric stretching modes, respectively. The evolution of these two 
peaks strongly supports the formation of NH4

+ during the reductive potential 
sweep.161,294,295 By moving toward more negative potentials during the reductive CV 
scan (−0.23 v to −0.63 V), the intensity of peaks at 1094, 1393, 1601 cm−1 (interme-
diates) decreases while the peak at 2937 cm−1 and the shoulder at 3605 cm−1 (NH4

+) 
reach their highest intensities. This strongly suggests the formation of NH3 
from the intermediate species (N2 → N2H4 → NH3) (Figures 8.5a, 8.5c, and 8.5d). 
The intensity of the peaks ascribed to intermediates and ammonium decreases during 
the oxidative pathway due to the oxidation of the N-containing species. The SERS 
spectra of the standard ammonia and hydrazine solutions in 0.5 M LiClO4 (aq.) con-
firm the band assignment of various vibrational modes in NRR operando SERS mea-
surements (Figure 8.6). Furthermore, operando SERS measurements in Ar-saturated 
electrolyte with the electrocatalyst and N2-saturated electrolyte without the 
electrocatalyst reveal no pronounced peaks, implying the peaks observed in 

FIGURE 8.4  (a) Schematic of the spectroelectrochemical setup, including Au working and 
counter electrodes and Ag/AgCl reference electrodes for operando SERS measurements. (b) 
CV curves of Au–Ag–Pd-850 in Ar- and N2-saturated 0.5 M LiClO4 (aq.) solution at the scan 
rate of 2.5 mV s−1. During the oxidation segment in Ar-saturated electrolyte, a strong peak 
centered on 0.3 V corresponds to the oxidation of hydrogen. This peak with the lower intensity 
and slight positive potential shift is also observed in N2-saturated electrolyte. In addition, a 
new peak at around 0.05 V is observed in N2-saturated electrolyte, which might be attributed 
to the oxidation of N-containing species. Reprinted with permission from Ref.142
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FIGURE 8.5  (a) Operando SERS using Au–Ag–Pd-850 nanoparticles in N2-saturated 0.5 M 
LiClO4 (aq.) solution at the scan rate of 2.5 mV s−1 with 532 nm laser. (b) Operando SERS 
using Au–Ag–Pd-850 nanoparticles in Ar-saturated 0.5 M LiClO4 (aq.) solution at the scan 
rate of 2.5 mV s−1 with 532 nm laser. (c and d) Low and high Raman shift of SERS spectra in 
N2-saturated electrolyte. Reprinted with permission from Ref.142

FIGURE 8.6  (a) SERS spectrum of the standard ammonia solution (~30 μM NH4
+) in 0.5 M 

LiClO4 (aq.) solution. (b) SERS spectrum of the standard hydrazine solution (~60 μM N2H4 
(aq.)) in 0.5 M LiClO4 (aq.) solution. Reprinted with permission from Ref.142
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N2-saturated electrolyte with the electrocatalyst are solely related to the formation of 
N-containing species at the presence of the electrocatalyst (Figure 8.5b). In another 
study, Pd–Ag nanoparticles are used for operando SERS investigation during electro-
chemical ammonia synthesis.176 During the positive scan (oxidation segment) of the 
CV test in the N2-saturated electrolyte, a pronounced peak at ~0.6 V is observed, 
which is attributed to the oxidation of NH3 (aq.) produced during NRR (Figure 8.7). 
Similar to the NRR mechanism on Au–Ag–Pd nanostructures,142 during the reductive 
pathway (0.97 V to −0.23 V vs. RHE), three small vibrational peaks at 1101, 1394, 
and 1613 cm−1 are observed, reaching their highest intensity at −0.23 V (Figures 8.8a 
and 8.8c).176,294 A strong peak centered at 2936 cm−1 appeared as a more negative 
potential (i.e., −0.63 V) is applied. This peak corresponds to the N-H asymmetric 
stretching mode. The evolution of this peak supports the formation of NH4

+ during the 
reductive potential sweep.161,294,295 The intensity of the peak for N-H stretching mode 
using Pd–Ag nanoparticles is significantly higher than that of Au–Ag–Pd nanoparti-
cles, consistent with higher ammonia yield rates on Pd–Ag nanoparticles at lower 
Faradaic efficiency.176 The similar NRR mechanism is observed on Pd–Ag nanopar-
ticles, where the NRR proceeds through an associative mechanism with N2H4 as an 
intermediate species (Figures 8.8a, 8.8c, and 8.8d). This also signifies the fact that no 
detectable amount of hydrazine (N2H4) is observed as a by-product in electrochemical 
NRR studies using Pd-based nanocatalysts.133,187,191 Operando SERS measurements 
in Ar-saturated electrolyte with the electrocatalyst show no pronounced peaks, imply-
ing the peaks observed in the N2-saturated electrolyte with the electrocatalyst are 
solely related to the formation of N-containing species at the presence of the Pd–Ag 
electrocatalyst (Figure 8.8b). Overall, operando SERS measurements help under-
stand the reaction mechanism to design more efficient catalysts for electrochemical 
energy conversion systems.

FIGURE 8.7  CV curves of Pd–Ag nanoparticles in Ar- and N2-saturated 0.5 M LiClO4 (aq.) 
solution at the scan rate of 2.5 mV s−1. During the oxidation segment in Ar-saturated electro-
lyte, a strong peak centered on 0.2 V corresponds to the oxidation of hydrogen. This peak with 
the lower intensity is also observed in N2-saturated electrolyte. In addition, a new peak at 
around 0.6 V is observed in N2-saturated electrolyte, which is attributed to the oxidation of 
NH3. Reprinted with permission from Ref.176
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8.6 � OTHER IN SITU SPECTROSCOPIC TECHNIQUES

Probe-based techniques provide spatial resolution to investigate heterogeneous sur-
faces during electrocatalytic reactions.296 These techniques provide insights into the 
local potential in an electric field gradient or probe differences in current density or 
rate of product generation to identify the active site or the role of defects. X-ray photo-
electron spectroscopy (XPS) is a technique that is sensitive to both the chemical envi-
ronment and electrostatic potential. Core-level photoelectrons are elementally specific 
and can often distinguish the oxidation state and the surrounding ligand environment. 
Ambient pressure XPS was used to study a CeO2−δ solid oxide electrochemical cell 
driving the CO2 reduction reaction. XPS was also able to probe the potential profile 
across a CeO2−δ catalyst in contact with an Au current collector to identify the corre-
sponding surface speciation and Ce oxidation state.297 Carbonate and Ce3+ accumu-
lated during CO2 electrolysis to generate CO over a 400-μm active region on the 
CeO2−δ.298 Contact-based potential-sensing electrochemical atomic force microscopy 
(PS-EC-AFM) is used to probe the potential directly at a conductive tip. This tech-
nique provides information regarding local morphology and directly measures the 

FIGURE 8.8  (a) Operando SERS using Pd–Ag nanoparticles in N2-saturated 0.5 M LiClO4 
(aq.) solution at the scan rate of 2.5 mV s−1 with 532 nm laser. (b) Operando SERS using 
Pd–Ag nanoparticles in Ar-saturated 0.5 M LiClO4 (aq.) solution at the scan rate of 2.5 mV s−1 
with 532 nm laser. (c and d) Low and high Raman shift of SERS spectra in N2-saturated elec-
trolyte. Reprinted with permission from Ref.176
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surface electrochemical potential in heterogeneous electrochemical systems. PS-EC-
AFM has recently been used to explore the potential- and thickness-dependent elec-
tronic properties of cobalt (oxy)hydroxide phosphate (CoPi) on illuminated hematite 
(α-Fe2O3) photoelectrodes.299

With sufficient resolution on the atomic scale, probe-based techniques are employed 
to identify active sites, such as edges or other heterogeneities. Scanning tunneling 
microscopy (STM) can measure surface reactivity (convoluted with morphology) by 
the tunneling current. In this technique, highly active sites result in electrochemical 
noise due to changes in electrolyte composition and local ad/desorption processes 
(Figure 8.9). This approach has been used to probe the active sites during hydrogen 
evolution, suggesting that for Pt in acid, step edges are much more active than (111) 
terraces.300 In contrast, for metals supported on Au (111), Pt terrace sites are active, 

FIGURE 8.9  (a and b) Schematic description of the concept of identifying active electro-
catalytic sites. STM can identify active sites by electrochemical noise in the tunneling current. 
The level of the tunneling current noise should be increased when the STM-tip is located over 
surface sites with high electrocatalytic activity. Local changes in the environment change the 
tunneling barrier in STM. Increased tunneling current noise is likely when the tip is over a 
more active step edge, compared with terrace sites. (c) The boundary between a Pd overlayer 
on Au and Au surfaces under HER conditions in 0.1 M H2SO4. Pd atoms at the boundary are 
more active than atoms at the center of Pd islands (STM constant height mode). Reprinted with 
permission from Ref.301
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whereas Pd atoms at the boundary are more active than those at the center of Pd 
islands (Figure 8.9).301

Scanning electrochemical cell microscopy (SECM) is utilized to demonstrate that 
the increased catalytic activity of Au grain boundaries for CO2 and CO reduction is 
on a length scale (0.5–4 mm), consistent with its dislocation-induced strain field.302 
Dislocation-induced strain may change reaction intermediate binding energy and/or 
create high step densities with greater activity than terrace sites. Small probes can 
also be polarized to locally detect products (e.g., evolved H2 via its oxidation), mea-
suring local activity by the current passed between the probe and the sample. This 
technique has been employed to study size-dependent nanoparticle activity for HER 
by an electrochemical STM and an SECM tip.303,304

In situ X-ray absorption spectroscopy (XAS) can probe the oxidation state and 
coordination environment of metal atoms at or near reaction conditions, allowing for 
more accurate structure-selectivity relationships than ex situ methods. This tech-
nique’s main limitation comes in surface sensitivity, as XAS probes bulk and surface 
atoms, and bulk signals may interfere with those from the surface.305 This lack of 
surface sensitivity can be mitigated if catalysts used are those with small metal clus-
ters or single-atom active sites, as in these cases, most or all metal atoms are on the 
surface. The effect of Pt particle size (30–90 Å) on oxygen reduction using in situ 
XAS was investigated, and it was found that as the particle size was reduced to below 
50 Å, the adsorption strength of H, OH, and C1 compounds such as CO increased.306

In situ XAS was also used to identify oxynitride as the active phase for electro-
chemical nitrogen reduction on vanadium nitride by correlating the disappearance of 
the oxynitride band with catalyst deactivation.158 X-ray based techniques are not sen-
sitive to most species in the electric double layer (e.g., water and organic species) due 
to the discrimination against lighter atoms.
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Performance Targets and 
Opportunities for Green 
Ammonia Synthesis

9.1 � INTRODUCTION

Recently, there has been increased importance attached to the development of renew-
able energy sources to serve as a way to diversify from traditional fossil fuels for 
sustainable economic growth and for combating the environmental challenges asso-
ciated with greenhouse gases. Investments are pouring into renewable solutions from 
various entities across the financial spectrum. However, most research, development, 
and funding is geared toward energy production and doesn’t address energy storage. 
Currently there is no cost-effective, sustainable method of storing surplus electrical 
energy for future use on an industrial level other than traditional petrochemical fuels. 
Extracting cheap electricity in the US, converting it to liquid fuel, and shipping it to 
net energy importers presents an opportunity to profit on the arbitrage in electrical 
rates after factoring in all production, construction, and logistical expenses. 
Concerning its energy storage ability, ammonia is a valuable chemical. Still, it can 
only be produced in a centralized way with the current manufacturing process known 
as Haber–Bosch, which is capital- and energy-intensive and is responsible for more 
than 1% of global CO2 emissions annually, and consumes >1% of the worldwide 
energy supply. Micro ammonia production system (MAPS) allows for decentralized 
and on-site ammonia production with the application for long-term energy storage at 
the rate of $0.15–0.2 to sell 1 kWh of electricity with 30–35% gross margin. It is 
important to note that research and development are ongoing in this field, and it is 
expected to be possible to lower the cost to sell one kWh of electricity in the foresee-
able future.

In the energy market, MAPS can help energy/utility companies to store surplus 
electricity in fuel (ammonia) using ammonia’s chemical properties. The restriction 
preventing electricity producers from doing so is the total lack of adequate technology 
to store intermittent renewable energy sources. This technology can complement 
renewable energy and other electricity producers alike to store surplus generated 
energy. In addition, ammonia as a carbon-neutral source of energy can be easily 
transported and converted back to electricity at the point of use, creating an incredi-
bly profitable opportunity to take advantage of the arbitrage between net energy 
exporters with low-cost electricity and net energy importers with higher electricity 
rates. This is because ammonia liquefies at −33 °C and stores at 10 bar, which is 
compared to 250 bar for LNG and 700 bar for liquid hydrogen. This directly corre-
lates to the storage and transmission CAPEX in which ammonia has 4× cheaper 

9
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transmission CAPEX compared to H2 (200 vs. 800 $ per MW-km) and >$100 per 
MW-km cheaper than LNG (Figure 9.1). Furthermore, with the adaptation of MAPS 
technology to a system mirroring that of current LNG logistical networks, MAPS can 
be easily integrated into existing electrical networks with only additional amend-
ments being installment of storage tanks of the liquid ammonia and a retrofitted gas 
turbine or solid oxide fuel cell (SOFC) adaptor to connect the stored ammonia to the 
electrical grid of the importing nation.

9.2 � MARKET NEED

In recent decades there has been pronounced political, economic, and social impor-
tance attached to environmental sustainability, and the repercussions are also extended 
to the energy sector. These sentiments have translated into policies and memoranda 
throughout developed and emerging markets alike. Net energy importing regions/
nations are mandating increasingly significant portions of their energy consumption 
to be sourced from renewables to wean themselves of the costly, polluted petroleum-
based fuel sources they have been reliant on for the past century. Markets such as 
Northern Europe, East Asia, Western Africa, and the US States of Hawaii and Alaska, 
in addition to the US unincorporated territory of Puerto Rico and mainland states 
such as California, Connecticut, Maine, Massachusetts, New Hampshire, Rhode 
Island, and Vermont with the current average electricity price of $0.2 per kWh or 
more can benefit from emerging renewable energy storage technologies for fuel 
generation.

FIGURE 9.1  Comparison of transmission CAPEX of ammonia with various other fuels, 
including hydrogen and natural gas. The transmission CAPEX for ammonia is quarter that of 
hydrogen and is also >$100 per MW-km cheaper than natural gas. Reprinted with permission 
from Ref.44
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By sourcing renewable energy in MAPS, one will be able to produce storable 
energy at remarkably lower prices than what is currently charged in its target 
importing nations, while simultaneously qualifying for government-sponsored 
initiatives to encourage renewable energy usage such as but not limited to accelerated 
amortization, tax breaks, Feed-in-Tariff eligibility, and extremely accommodating 
loan structures. This enables us to sell its storable energy at a significant markup. At 
the same time, the importers can purchase the desired, renewable energy sourced 
power at a rate cheaper than before. This will also enable developed nations concerned 
about their carbon emission to continue to meet their energy demands, along with 
developing countries looking to fuel economic growth in an environmentally-
friendly, cost-effective, and sustainable manner with significant ease.

Storing renewable energy in the form of fuel could provide energy security at a 
lucrative profit, all the while offering prices below current real values and sourced 
with renewable energy for several markets demanding a constant supply of electricity 
in the stable, profitable markets of Japan, Northern, Southern, and Western Europe, 
the US state of Hawaii, and the Caribbean Islands, most notably Puerto Rico. We 
could also provide energy at below-market rates to sustain growth in developing 
nations in North Africa, East Africa, East Asia, and ASEAN member states.

Each region has its own appropriate opportunity costs associated with doing 
business in it regarding financing, pricing, and bureaucracy. In the European Union 
and Eurozone nations, the government uses a Feed-in-Tariff (FiT) to subsidize and 
incentivize the use of renewable energy. For instance, Germany offers a fixed rate of 
1% to fund construction costs of supporting infrastructure with systems similar to 
MAPS. Furthermore, the FiT model is guaranteed with a 15–20 year contract with 
the rate per kilowatt-hour remaining constant throughout the contract’s life. This is 
important because as MAPS advances and efficiency increases, the profit spread will 
increase, assuming inflation does not surpass normal levels. The tradeoff is that rates 
would have a smaller markup than those of Puerto Rico and Hawaii.

The Japanese model follows a similar FiTs in terms of rate lock-ins and guaranteed 
contract lengths. However, the Japanese government does not have any incentive 
programs to assist the funding of such operations, and due to the increased need for 
renewable energy post-2011 Fukushima incident, the rate on FiT’s encompasses an 
increasingly small profit margin, which can be expected to decrease further.

The markets in the State of Hawaii and the unincorporated territory of Puerto Rico 
represent much more profitable, stable, willing, and more comfortable markets. 
Hawaii currently has a combined annual need of >40 billion kWh per year for 
household and industry consumption, with 85% being supplied by costly, polluted 
petroleum-based fuel sources, all of which is imported. Due to the state’s reliance on 
international fuel imports, electricity costs are 2.5–3 times more expensive than the 
continental US, with rates ranging from $0.25 to $0.32 per kWh. These costs and 
environmental factors combined with the state’s commitment to be 100% renewable 
energy-dependent by 2045 present an opportunity for new renewable energy storage 
technologies (e.g., MAPS) to supply electricity at a substantial markup to Hawaii 
while still being able to offer the electricity at a noticeable discount when compared 
to current prices. Furthermore, the state government has announced its willingness to 
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assist in financing structures and tax incentives to encourage the development of such 
technologies.

The Unincorporated Territory of Puerto Rico also presents a similar opportunity 
due to its energy prices, demand, and lack of supply. Hurricane Maria hit the state in 
2017, and as a result, most of its energy-generating infrastructure was destroyed or 
rendered obsolete. Prior to the storm and currently, Puerto Rico has been entirely 
reliant on petroleum-based fuel sources to generate power to meet its 21 billion kWh 
energy demand, and this has resulted in prices of electricity being more than twice as 
high as the continental US, with rates ranging from $0.21 to $0.22 per kWh. 
Furthermore, the government has stated its intention to increase its dependence on 
renewable energy. Due to the lack of energy generation infrastructure, Federal 
Emergency Management Agency allocated over 12 billion USD to assist in the 
reconstruction and the local government’s efforts to decrease electricity rates while 
increasing its renewable energy consumption. This presents an opportunity to provide 
a substantial portion of Puerto Rico’s electricity at a considerable markup while 
offering rates below what the island currently pays. Furthermore, it is vital to 
highlight the benefit of both these territories being in the US. This signifies the 
increased ease of doing business, reduced currency exposures, elimination of double 
taxation, and a standardized court system.

The US wind power market generated $11.6 billion in revenue in 2018, expected 
to grow to $19.9 billion at a compounded annual growth rate (CAGR) of 11.4% in 
the next five years to 2023. Likewise, the US Solar Power market generated 
$7.5 billion in revenue in 2018 and is expected to grow at 13.8% CAGR in the next 
five years to 2023. In one manner of approximating the market size for energy stor-
age, one considers Georgia Power’s “Nights & Weekends” concept whereby users 
pay $0.2 per kWh during peak load times (2–7 pm weekdays) and pay $0.05 per 
kWh at all other times. Since peak load energy commands a 4× price premium, if we 
conservatively assume that storing renewable energy for sale at peak hours leads to 
a 3× price premium, our served addressable market would be equal to the size of the 
targeted renewable markets (consisting of the value-add of that storage). Natural gas 
energy production was a $50 billion industry in 2018, and since storage and combus-
tion infrastructure can be converted to ammonia, this will not be a limiting factor to 
our total addressable market. Since wind power is particularly intermittent, we 
believe this makes a good target market, with a value of $11.6 billion to our custom-
ers, if MAPS can increase the value of wind power generated by 3× through storage 
for peak demand. This is particularly important for our customers in the New England 
area (CT, ME, MA, NH, RI, VT) with the average electricity price of $0.21 per kWh 
and California ($0.2 per kWh), Alaska ($0.24 per kWh), and Hawaii ($0.32 per kWh). 
Our back-of-the-envelope calculation suggests that if we feed the SOFC with the 
ammonia fuel generated through MAPS, the electricity cost can be below $0.20 per 
kWh. Our total addressable market in the states with LCOE higher than $0.15 per 
kWh is $58.2 billion (based on the total retail sales in our targeted continental states 
(388,236,056 MWh) and the LCOE MAPS can offer ($0.15 per kWh)). It is impor-
tant to note that in these states, the net electricity generation (supply) is 9.2% lower 
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than the total retail sales (demand). So, technologies such as MAPS may also result 
in ‘energy independence’ for these states in electricity supply.

Energy industry stakeholders indicated that early-adopters are likely to be players 
within renewable energy such as wind who already own infrastructure for both 
renewable energy and natural gas storage & combustion, such as universities, 
campuses, or local governments. These parties already place a high premium on 
energy independence in emergencies. They have shown themselves willing to make 
infrastructural investments required to install as a MAPS system or a traditional 
natural gas system. The early majority is likely to consist of power authorities who 
share the tendency to invest in infrastructure but operate within the public electric 
grid. These players realize enormous cost savings but will want to see successful 
implementation before large scale investment.

9.3 � PERFORMANCE TARGETS FOR GREEN AMMONIA SYNTHESIS

It is essential to compare the input cost in the electrochemical NRR (i.e., electricity) 
method for ammonia synthesis with the industrial Haber–Bosch ammonia production 
process (i.e., natural gas). This helps to better understand the challenges and oppor-
tunities for the commercialization of green ammonia synthesis through electrochemi-
cal NRR. The amount of electricity that is required to produce a ton of ammonia 
(1,000 kg ammonia) is determined according to Equation 9.1:

	 E
i V t

NH yield t A
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.� � � � �
� �

�2 78 10 10

3

	 (9.1) 

where i is the average current density during the constant voltage test (i.e., chrono-
amperometry (CA) (A)), V is the full cell potential in the electrolysis (V), t is the 
operation time (s), A is the electrode area (cm2), and 2.78 × 10−10 is the conversion 
factor from J to MWh. This gives an input of renewable electricity required to make 
a ton of ammonia in the electrochemical system. Through the rational design of 
electrode-electrolyte to decrease electricity consumption in the electrolysis system, 
further input cost reduction could be achieved. In the Haber–Bosch process, approxi-
mately 1000 m3 (35,314.7 ft3) of natural gas is needed to make one ton of ammonia. 
Concerning the price volatility of natural gas throughout the year, the input cost of 
natural gas to make a ton of ammonia is 143 ± 13:8 USD (US natural gas industrial 
price is taken from US Energy Information Administration (EIA) report).307 This 
suggests that green ammonia synthesis in the electrochemical cell will be cost com-
petitive with the Haber–Bosch process if we can decrease the renewable electricity 
price to less than $30 per MWh or $0.03 per kWh and if we can have an electro-
chemical cell with the energy input <5 MWh Elec. Per ton of NH3 (Figure  9.2). 
This is an optimistic but realistic target to achieve these performance metrics, par-
ticularly the electricity price from renewable sources such as solar and wind from the 
current price of about $0.04–0.05 per kWh.



https://www.twirpx.org & http://chemistry-chemists.com

130� Photo-Electrochemical Ammonia Synthesis

FIGURE 9.2  Input electricity cost for making one ton of green ammonia as a function of 
renewable electricity price. The input natural gas cost for making a ton of ammonia in the 
Haber–Bosch process is relatively constant and is about $150, while for green ammonia there 
is substantial room to decrease the renewable electricity price and therefore be cost competitive 
with the Haber–Bosch process.
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Conclusion

Photo-electrosynthesis of ammonia is considered a clean, sustainable, and decentral-
ized approach to the century-old Haber–Bosch process. This approach enables the 
storage of surplus renewable electricity to a dispatchable and transportable ammonia 
fuel. Research and development have focused on improving yield and efficiency 
through the rational design of electrocatalysts, electrolytes (e.g., aqueous and non-
aqueous), reaction conditions (e.g., temperature and pressure), and the photo-
electrochemical cell. This book discusses the possibility of using ammonia as a 
multi-purpose fuel to develop and expand clean transportation and energy sectors. 
Conventional pathways, including thermochemical and biological N2 fixation, were 
discussed. The traditional thermochemical process needs to operate at temperatures 
around 450 °C to improve the reaction kinetics and breaks the N≡N triple bond. It 
also requires to operate at high pressures (e.g., 150–250 bar) to favor the forward 
reaction (N2 + 3H2 ↔ 2NH3) toward ammonia formation. Electrocatalytic NRR on 
transition metal catalysts, including single-atom catalysts, bimetallic, trimetallic, and 
alloyed nanoparticles, were presented. It was shown that the optimization of the 
structure, morphology, and composition is critical to enhancing the rate of electro-
reduction of N2 to NH3. Plasma-driven approaches enable the cleavage of N≡N triple 
bond and further protonation of N atoms through dissociative mechanisms. However, 
due to the remarkably high voltage required to initiate the plasma, the energy effi-
ciency of this system is quite low. In addition to the design of electrode-electrolyte, 
the design of an efficient cell for ammonia production is imperative. The use of gas-
phase systems, comprised of a gas diffusion layer and membrane-electrode-assem-
bly, has been demonstrated to be an effective route to decrease ohmic losses and 
improve energy efficiency. Photocatalytic and photo-electrocatalytic N2 reduction for 
ammonia synthesis under ambient conditions using hybrid plasmonic-semiconductor 
nanoparticles were presented. Combining the plasmonic metal and a visible-light 
responsive semiconductor increases the photo-generated electrons’ concentration 
upon visible-light illumination, thereby improving the photocatalytic NRR activity. 
In addition, to overcome the challenge of competing electrons for hydrogen evolu-
tion reaction, mediators (e.g., lithium) can be used to decouple the reduction of N2 
from the subsequent hydrogenation to ammonia through the formation of lithium 
nitride (Li3N). However, due to the high voltage required for converting lithium ions 
to lithium and the safety issues related to handling the highly reactive Li metal, new 
mediators that are low-cost and safe are desirable. Extensive control experiments 
must be conducted and reported explicitly by each laboratory to avoid false-positive 
results. Notably, control experiments using 15N2 must be performed. It should be 
noted that 15N2 contains considerable amounts of NOx and NHx and should be  
carefully purified with dilute acid (e.g., 1 mM H2SO4 (aq.)) and deionized water 
before use in NRR experiments. DFT calculations and advanced spectroscopic tech-
niques (e.g., SERS) provide insight into the mechanism of N2 reduction at the 

10
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electrode-electrolyte interface, leading to the design of more efficient catalysts for 
NRR. Finally, it was suggested that electrochemical ammonia synthesis using renew-
able electricity would be cost-competitive with the Haber–Bosch process if the sys-
tem is operated with the renewable electricity price of less than $30 per MWh or 
$0.03 per KWh and the electrochemical cell with the energy input <5 MWh Elec. Per 
ton of NH3.
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