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Abstract

A higher quality of life and environmental sustainability are two intertwined goals that could be

achieved through the mitigation of pollution to promote a cleaner and healthier environment for

current and future generations. Environmental pollution, a critical and ever-increasing concern,

poses a major threat to the delicate balance of ecosystems and human health worldwide. Among

the myriad of pollutants, nitrogen oxides (NOx) hold a prominent position as one of the most

pervasive and detrimental classes of pollutants. The introduction of NOx compounds, into

the atmosphere and to the water bodies arises from a wide range of anthropogenic activities,

including combustion processes in vehicles, industrial operations, and energy generation. These

emissions contribute to various environmental problems, encompassing air quality deterioration,

acid rain formation, and the exacerbation of respiratory issues in humans. To address this,

stringent regulations and innovative abatement technologies are crucial.

The NOx abatement technologies are challenged with the operational ability in low temperature

window of the catalyst. Chapter 1 introduces the importance and current status of the research

happening in the field of deNOx catalysts. In Chapter 2, we present our studies on dispersing

Pt on as-synthesized ZIF-8 and explored the material for thermal NOx reduction. The Pt

nanoparticles were found to be highly dispersed over the surface of ZIF-8. The ZIF-8 possessed

high surface area, porosity, and basic imidazolate link which helped in high NO adsorption

capability. The Pt/ZIF-8 catalyst exhibited efficient NOx reduction at low temperatures while

maintaining good recyclability and thermal stability, outperforming other zeolitic catalysts. This

enhanced low temperature reactivity is attributed to the excellent dispersion of Pt nanoparticles

and their interaction with the ZIF-8 support. The materials’ surface properties were studied and

characterized and compared the catalytic performance of Pt dispersed over commercial zeolite Y.

It is important to understand the reaction mechanism of the thermal NOx reduction thereby

helping the researchers to benefit in preparing more efficient catalysts. In Chapter 3, we

have chosen non-noble metal catalysts to investigate the active surface sites and the potential

mechanism in the catalytic reduction of NO over solid solutions of Ce1−xNixO2−δ. An integrated

experimental and theoretical approach was conducted to evaluate the role of in-situ Ni2+ within

the CeO2 lattice and dispersed on the CeO2. The observed enhancement in catalytic activity in

reduced Ce1−xNixO2−δ species was confirmed by the Density functional theory (DFT) calculations

as active sites in the reaction mechanism. Additionally, a kinetic model was developed to identify

the rate-determining step in the NO reduction mechanism by H2 over supported metal catalysts

Ce1−xNixO2−δ.

The escaped gaseous NOx is converted to the aqueous NOx when moisture gets in contact with

the NOx present in the atmosphere and pollutes the water bodies, hence it is important we



abate the aqueous NOx. The next chapter, chapter 4, is devoted to the electrocatalytic reduction

of nitrates to ammonia wherein the idea of circular economy pitches in. Yet, this technology

faces issues such as poor selectivity, low Faradic efficiency, and concurrent hydrogen evolution.

The use of nanoalloys shows promise by adjusting the electronic structure and interaction

with nitrate and intermediates, enhancing selectivity. We doped Cu with Ni and Zn to create

Cu0.85Ni0.15/C and Cu0.85Zn0.15/C from bimetallic metal-organic framework materials. Detailed

investigation of nitrate reduction on these nanomaterials revealed Cu0.85Zn0.15/C outperformed

Cu0.85Ni0.15/C and Cu/C, supported by first-principles calculations showing the importance of

d -band modulation in influencing surface interactions, thus improving selectivity and catalytic

efficiency. The final chapter, Chapter 5, presents the overall conclusion and provides insight into

future prospects.
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Chapter 1

NOx and its Nefarious Impact

1.1 Introduction

In the endeavor to achieve greater ease and well-being, humans have harnessed local resources,

transforming them into utilities that augment comfort and convenience thereby fostering a

continuous pursuit of novel discoveries, innovations, and technological advancements. Historically,

this endeavor extends to the early utilization of coal combustion as an energy source to satisfy

the growing demands of evolving technologies. However, this trajectory of progress has been

shadowed by the inadvertent generation of environmental pollution, in particular, the universal

issue of air pollution continues to challenge the human race [1].

One of the dominant components of air pollution is NOx, predominantly consisting of nitric oxide

(NO) and a smaller proportion of nitrogen dioxide (NO2). Practically all energy production

processes worldwide contribute to the emission of NOx. Gaseous NOx mostly arises from the

combustion of fossil fuels, including coal-powered furnaces and diesel engines [2], as well as

from biomass combustion [3]. Therefore, emissions of gaseous NOx are classified into stationary

and mobile sources. Stationary sources [4] encompasses emissions from thermal power plants,

industrial boilers, and cement manufacturing facilities. Conversely, mobile sources [5] of NOx

emissions largely originate from transportation systems, including automobiles, locomotives,

airplanes, ships, etc. Over the past few decades, the escalation in the use of automobiles

and industrial activities has led to a marked increase in atmospheric concentrations of NOx

emissions. The chemistry of the troposphere is significantly influenced by NOx as the formation

of tropospheric ozone increases radically which is the major component of smog. Also, NOx in

1
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the atmosphere are captured by the moisture causing acid rain which has an adverse effect on

the eco-system like polluting the water bodies. Global statistics reveal that the contribution

of NOx emissions varies significantly across different world regions. As per the International

Energy Agency (IEA) Report 2021 and European Economic Area (EEA) Report 2022, mobile

sources are the most significant contributors to NOx emissions in India and the European Union

countries, accounting for a substantial 40% and 37% of the total for the respective countries

(Figure 1.1). In contrast, stationary sources play a major role in China [6], contributing to

a significant majority of NOx emissions, totaling 71%. These variations highlight the diverse

sources and dynamics influencing NOx emissions in different regions of the world.

Figure 1.1: NOx emission in (a) India in the year 2019 (IEA 2021) (b) Countries in European
Union in the year 2022 (EEA Report 2022)

1.1.1 Formation of NOx

Generally under normal atmospheric conditions, nitrogen and oxygen do not readily combine.

However, when exposed to elevated temperatures, typically above 1000 oC, nitrogen and oxygen

undergo chemical reactions leading to the formation of NOx. Specifically, nitric oxide (NO) is

produced when combustion occurs under lean conditions, characterized by a higher ratio of air to

fuel. Conversely, when an excess of oxygen is present, NO can undergo transformation into NO2.

The intricate mechanisms of NOx production during combustion have been extensively studied,

with three major mechanisms proposed by Bosch and Janssen [7] to elucidate this process. They

are:

1. The first kind, known as thermal NOx, is produced when N2 is subjected to high tempera-

tures and undergoes the oxidation process.

N2 +O2 ↔ 2NO ∆H◦
298 = 180.6 kJ mol−1 (1.1)
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The Zeldovich mechanism [8] of chain reactions involving N* and O* activated atoms

governs this reaction above 1000 oC:

N2 +O∗ → NO+N∗ (1.2)

N∗ +O2 → NO+O∗ (1.3)

Reaction (1.3) controls NO generation and tends to rise with temperature. Most engine

conditions promote Zeldovich NO formation. Operating the engine under surplus air

(fuel-lean) conditions can lower the combustion temperature in order to minimize NOx

emissions, but most of these methods are ineffective.

2. The second type of NOx is referred to as fuel NOx [9] and is produced by the oxidation

of nitrogen in fuels such as coal and heavy oils. Unlike thermal NOx, NOx generation is

comparatively temperature independent at conventional combustion temperatures.

3. Prompt NOx, also known as Fenimore NO [10], is the third type of NOx and is formed

when hydrocarbon fragments combine with ambient nitrogen to produce compounds like

HCN and H2CN. The lean zone of the flame is where they can subsequently be oxidized to

NO, and also further react with oxygen form NO2 or N2O.

Rapid NOx production is independent of the kind of parent hydrocarbon and inversely propor-

tional to the volume of carbon atoms present. With a rise in hydrocarbon radical concentration,

more HCN is produced. With low temperatures, fuel abundance, and short residence duration,

prompt NOx can build in large amounts.

1.1.2 Nefarious environmental effect of NOx and Consequent Regulations

The emissions of NOx from the aforementioned sources exert a range of detrimental effects on

both the environment and human health. NOx are significant players in the photochemistry

of both the troposphere and stratosphere, contributing to adverse consequences. Remarkably,

the groundbreaking research of Paul J. Crutzen, Mario J. Molina, and F. Sherwood Rowland,

which earned them the Nobel Prize in Chemistry in 1995, shed light on the formation and

depletion of the ozone layer by NOx [11]. NOx emissions are responsible for several hazardous

phenomena, including ozone layer depletion, ozone formation in the troposphere, the creation

of peroxyacetyl nitrate (PAN), the generation of acid rain, and the amplification of global
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warming potential, which contributes to climate change. Additionally, when inhaled at elevated

levels, NOx can penetrate deep into the lungs, resulting in respiratory diseases such as coughing,

dyspnea, wheezing, bronchospasm, and even pulmonary edema [12].

The formation of acid rain from gaseous NOx is another substantial concern, affecting ecosystems

and organisms. Acid rain occurs when gaseous NOx compounds, high above the clouds, transform

into HNO3, subsequently acidifying rain, fog, and snow due to their high solubility in water.

This process has a significant impact on aquatic life and other living organisms. Groundwater

containing high nitrate levels can lead to methemoglobinemia (blue baby syndrome) in toddlers

and poses a significant carcinogenic risk [13]. The release of nitrates into water bodies also results

from intensive agricultural activities, urban settlements, and industrial effluents. According to

World Health Organization (WHO) guidelines, the concentration of nitrate in drinking water

should not exceed 50 ppm as nitrate ion (equivalent to 11 mg L−1 as nitrate-nitrogen), and

nitrite levels should remain below 0.03 ppm [14].

In response to the environmental and health impacts of NOx, governments worldwide have

enacted stringent regulations on NOx gas emissions as depicted in Figure 1.2. These regulations

have been developed through a combination of political, social, and legal processes, with specific

emission limits varying from one country to another due to differences in environmental conditions,

fuel specifications, and equipment performance. India has adopted a system of emission standards

known as Bharat Stage norms, which are equivalent to Euro emission standards for vehicles.

Currently, Bharat Stage VI is implemented in the country. The regulatory emission standards

are depicted in Figure 1.2. Emission concentration values are typically expressed in parts per

million (ppm) or parts per billion (ppb), while emission factors are often measured in grams per

kilometer (g km−1) or grams per kilowatt-hour (g kW−1 h−1).

Challenged with increasing stringent rules against the emission of NOx, it has become paramount

importance to create high-performance NOx removal methods. The obligation to fulfil NOx

limits has resulted in the development of a variety of treatment methods. A variety of approaches,

such as pre-combustion, combustion, and post-combustion, have been tried in order to reduce

emissions of gaseous NOx [15]. The pre-combustion approach involves alterations to the design

of furnaces and burners within the combustion unit, aimed at regulating temperature, optimizing

the air-to-fuel ratio, and adjusting residence time. However, it is important to note that the

NOx reduction achieved through pre-combustion and combustion procedures often falls below

50% [16]. In contrast, post-combustion methods [17] have proven highly effective and have led
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Figure 1.2: Regulatory emission standards implemented in India: Bharat Stage VI

to significant NOx reduction rates. These post-combustion procedures include selective catalytic

reduction (SCR), selective non-catalytic reduction (SNCR), electrochemical reduction, as well as

wet scrubbing, adsorption, electron beam, and non-thermal plasma techniques. When it comes to

reducing aqueous NOx, conventional biological, physical, chemical, and electrochemical methods

are being employed. Among these approaches, electrochemical reduction of nitrate stands out as

particularly promising due to its utilization of environmentally friendly electrons as reductants,

operation at ambient conditions, and the absence of a need for subsequent treatment [18]. For

the efficient elimination of NOx, catalysis is one of the techniques used to fulfill the mandated

limits. Understanding the characteristic properties of the materials is of utmost importance

when developing more efficient catalysts for NOx abatement.

1.2 Catalysis for deNOxification

NO molecules possess unique electronic configurations, with unpaired π anti-bonding electrons

exhibiting paramagnetic properties that offset the effects of π bonding electrons. NO has a

dissociation energy of 630 kJ mol−1, a bond order of 2.5, and an inter-atomic distance of 1.15

Å. Its unpaired electron in the 2p* orbital enables amphoteric bonding, allowing it to interact

with surfaces in diverse ways. Despite the thermodynamic instability of gaseous NOx, its high

activation energy of 364 kJ mol−1 necessitates catalytic intervention. Intensive research on

catalytic deNOx materials is underway to reduce this activation energy. This endeavor has
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garnered significant attention globally, with the catalytic converter market expected to reach

USD 73.1 billion by 2025, driving efforts to develop more effective engines and NOx procedures

[19].

Studies in after-treatment catalyst technologies have identified three primary deNOx routes,

influenced by mobile and stationary sources. The first involves NO decomposition using catalysts

without reductants, but the high activation energy presents challenges. Various materials,

including noble metals, zeolites, and metal oxides, have been explored with limited success.

SCR is the second method, relying on reductants like H2, hydrocarbons, and NH3 or urea to

selectively reduce NO in the presence of oxygen. Urea/ammonia-SCR is commonly used for

stationary sources, but its implementation in lean-burn engines presents complexities. The third

technology, NOx storage and reduction (NSR) [20], captures NOx emissions under lean conditions

and reduces it by using reducing agents under rich conditions. While NSR is promising for

lean-burn vehicles, its mechanisms and interactions remain incompletely understood.

Escaped gaseous NOx contributes to acid rain when reacting with water, and consequently

mixing with the water bodies leads to contamination with nitrates. The development of an

energy-efficient technique to convert nitrate into a useful product is imperative, given the

significant nitrate production from intensive agriculture and urban activities. Electrocatalytic

reduction of nitrate to ammonia [21] presents a sustainable alternative to the energy-intensive

Haber-Bosch process. Challenges include low yield and complex kinetics, but the use of electrons

as a reductant, high nitrate solubility in water, and lower bond energy compared to N≡N make

it an attractive option.

In subsequent sections, we delve into the current status of gaseous and aqueous deNOx catalysis,

highlighting ongoing advancements in these crucial fields.

1.2.1 Gaseous NOx

The conversion of gaseous NOx into environmentally benign nitrogen using a catalyst presents

a significant challenge, primarily because most abatement technologies discussed earlier are

temperature-dependent processes. Among these technologies, NO abatement through decompo-

sition typically requires the highest operating temperatures. Various reducing agents, including

CO, NH3, urea, CH4, hydrocarbons, and H2, have been effectively employed for NOx reduction

[22]. The H2-SCR process, first reported by Jones et al.[23], utilized Pt/Al2O3 as a catalyst
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and has since garnered increased interest as a means of reducing NO using H2 as a reductant.

Noticeably, in comparison to other reducing agents, H2 stands out as it necessitates the lowest

reaction temperature when employed as a reducing agent. Furthermore, when H2 reacts with

NOx, it can be converted into H2O without generating secondary pollution. This characteristic

makes H2 a particularly attractive and environmentally friendly choice for NOx reduction [24].

Catalysts are the central component system in a deNOx catalysis. Noble metal catalysts have

exhibited exceptional catalytic activity for NO reduction. Noble metals like Pt, Pd, Rh dispersed

on the metal oxides (e.g. CeO2, Al2O3, ZrO2, La2O3, BaO) [25, 26] have been demonstrated as

the most class of materials studied for the deNOx technology. According to research by Stenger

et al., [27], the activity of noble metals Pt, Pd, and Rh supported on Al2O3 in H2-SCR followed

the order of Pt>Pd>Rh, with Pt exhibiting the highest activity, followed by Pd and then

Rh. This high activity of Pt and Pd in the selective catalytic reduction using H2-SCR process

has made them focal points of discussion and extensive research in the field of precious metal

catalysts. The predominance of research on Pt-based catalysts over Pd-based catalysts can be

attributed to the superior activity of Pt-based catalysts, particularly at lower temperatures [28].

Pt supported on various metal oxides, including Pt/Al2O3 [29], Pt/SiO2 [30], Pt/MgO–CeO2 [31],

Pt/TiO2–ZrO2 [32], and Pt/La0.5Ce0.5MnO3 [33], have been reported to display high activity for

the H2-SCR reaction. Additionally, zeolites have served as supports for Pt catalysts, for instance,

a study by Yu et al. [34] found that Pt/ZSM-35 exhibited the best catalytic activity among

Pt/ZSM-5, Pt/ZSM-35, and Pt/beta, achieving a NOx conversion of 80%. Due to the similarity

with zeolites, MOFs are also been researched as support material. Xue et al. [35] synthesized

Pt/MIL-96(Al) with different loading of Pt by hydrothermal method achieved excellent NO

removal activity. The choice of the support materials is as important as choosing the active

components. A significant amount of work has been published on discovering the properties and

interaction of support materials with the active components [36, 37]. The studies also suggest

that the incorporation of active components to the support materials plays a major difference in

the overall performance. On the contrary, there is a restriction to the metal’s dispersion due

to the fact that the minute metal crystallites gradually lose their surface area and form larger

agglomerations owing to the bonding that occurs between different types of metals. In addition,

noble metals are incapable of reducing the most frequent oxide support, which is Al2O3, and as a

result, Al2O3 does not cause noble metals to become oxidized. Due to the relevance of reducible

oxides like CeO2 in exhaust catalysis, a lot of research effort has been put into finding ways to

improve metal dispersion using these materials [38–40] on support materials like metal oxides
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(CeO2, TiO2), perovskites (LaFeO3, BaCeO3), MOFs, Zeolites etc.

However, due to their high cost and limited availability, researchers are exploring alternative,

non-noble metal catalysts. Developing non-noble metal catalysts, especially those achieving high

N2 selectivity and operating within a low-temperature range, presents significant challenges.

The physicochemical properties of catalysts can be influenced by several factors, including their

synthesis method, composition, and heat treatment processes such as calcination and reduction.

Consequently, the characteristics of catalysts vary depending on their type and the specific

conditions under which they are prepared and used. In the quest for cost-effective catalysts

for NOx reduction, researchers have investigated materials such as metal oxides, zeolites, metal

supported on metal oxide, perovskite, binary oxides, MOFs, and mullites. Non-noble metal

catalysts possess unique catalytic characteristics and reactivity profiles that can be customized

or tailored to suit specific reaction processes [41]. This adaptability makes them valuable

alternatives to noble metal catalysts in various applications. Wang et al. [42] synthesized

ordered mesoporous Cu-based catalyst supported on ceria doped with Fe, Mn, and Co. It was

observed that CuCo/CeO2 exhibited outstanding performance against NO reduction within the

temperature range of 200 to 400 oC. Researchers attributed the superior efficiency in converting

NOx to CuCo/CeO2, which is due to the presence of CoOx species on the catalyst’s surface.

These species effectively reduced Ce4+ to Ce3+, resulting in the creation of additional oxygen

vacancies. Väliheikki et al. [43] conducted a study on the effectiveness of W-promoted CeO2-ZrO2

solids for NOx reduction. They utilized two catalysts with compositions as Zr-rich composition

and Ce-rich composition designated as W-ZrCe and W-CeZr respectively. The research findings

revealed that the W-ZrCe catalyst exhibited impressive NOx conversion rates ranging from 30%

to 55%, along with N2 selectivity between 85% and 92% at temperatures ranging from 250 to

350 oC demonstrated promising catalytic efficiency in reducing NOx emissions. Luo et al. [44]

prepared by series of LaNi1−xFexO3 perovskite catalysts with varying Fe content (x = 0.0, 0.2,

0.4, 0.7, and 1.0) using the sol-gel method. The research indicated that the addition of Fe into

LaNiO3 resulted in improved efficiency in NOx removal and increased stability of the perovskite

structure. This enhanced activity can be primarily attributed to the facilitated reduction of Ni3+

to Ni2+ with the assistance of an appropriate Fe component.



Chapter 1. NOx and its Nefarious Impact 9

1.2.2 Aqueous NOx

The interaction of atmospheric gaseous NOx with moisture or rainwater leads to its incorporation

into water bodies, thereby introducing nitrate into aquatic life and impacting their ecosystem.

This transformation holds considerable significance for the overall quality of water within these

ecosystems, with far-reaching implications for their ecological health and balance. In response

to the WHO target, various technologies have been developed for reducing nitrate content in

drinking water. These technologies encompass biological denitrification [45], chemical/catalytic

reduction [46, 47], ion-exchange/reverse osmosis [48], electrodialysis [49], among others. However,

due to the high operating and maintenance costs for these removal systems, electrochemical

nitrate reduction [50] stands out as the process utilizes only a compact installation footprint and

mild operational conditions, positioning it as a promising decentralized denitrification technique.

The ability to implement detailed control over the selectivity towards desired products holds

considerable influence over the economic viability of nitrate reduction reaction. Markedly, the

production of ammonia through this process can find application as fertilizer or in the production

of fuels and chemicals, thus generating revenue i.e., turning waste into wealth.

The design and development of electrocatalytic materials with both high activity and selectivity

are critical in the electrochemical reduction of nitrate. Various types of materials have been

explored, including noble metals (such as Pt, Pd, Ir, Ru, and Rh) [51], transition metals (such

as Cu, Sn, Fe, In, Co, Ni, and Ti) [52], as well as bimetallic species (including Cu2O–Cu@Ti

and CuPd) alloys [53], single-atom catalyst (SAC) (like Cu-SAC, Fe-SAC) [54]. Among the

transition metals, Cu and Cu-based catalysts [55] have emerged as highly promising candidates

for the selective and active electrochemical reduction of nitrate to ammonia. This has generated

significant attention in the scientific community, emphasizing the efforts to enhance the catalytic

activity of Cu through various strategies.

Qin et al. [56] conducted research into the reactivity of different exposed facets of Cu2O

electrocatalysts and found that the Cu (100) facet exhibited higher ammonia (NH3) yields

compared to the Cu (111) facet. Fu et al. [57] studied the Cu nanosheets under environmental

conditions and achieved an impressive NH3 production rate and the Faradaic Efficiency (FE).

The outstanding performance of Cu (111) nanosheets in nitrate reduction is ascribed to their

ability to suppress the competing hydrogen evolution reaction (HER). The dual atom Cu-Ni SAC

prepared by Wang et al. [58] exhibited remarkable performance when compared to individual

Cu-NC and Ni-NC catalysts. It achieved a maximal NH3 FE and a yield rate which is credited
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to the presence of active centers of both Cu and Ni. Qiao et al. [59] designed an electrocatalyst

featuring B-rich core–shell nickel boride nanoparticles, denoted as Ni3B@NiB2.74 This innovative

electrocatalyst demonstrated exceptional performance and delivered a significant yield of NH3.

Shou et al. [60] synthesized Co-doped Fe-MOF-74 derived Co-Fe@Fe2O3 catalyst, where Co

replaced some Fe sites within the Fe2O3 structure. The catalyst exhibited notable catalytic

activity and selectivity for the electrochemical reduction of nitrate ions to produce NH3. A

mechanistic investigation unveiled that the superior catalytic performance of Co-Fe@Fe2O3 could

be attributed to the presence of Co as a dopant, which influenced the Fe d orbitals, resulting

in alterations in the adsorption energy of intermediates and the free energies of the potential

dependent step, while concurrently suppressing the competing HER.

1.3 Scope and objective of the work

Ongoing research and development in the realm of deNOx catalysis are yielding innovative

catalyst designs. Presently, a significant challenge in this field revolves around the improvement

of catalyst performance from lower to higher temperatures, all while maintaining selectivity

and efficiency and stability at higher temperatures. In terms of energy and environmental

aspects, understanding the reaction mechanism of catalyst and reactant at the molecular level

is one of the challenges to unravel. The promising research avenues in this domain involve the

exploration and development of novel catalysts that exhibit superior capabilities for NOx removal.

Certainly, synthetic approaches hold noteworthy importance as they exert extensive influence

over factors such as surface area, particle size, and the overall structure of the synthesized

materials. The optimization of preparation conditions stands as a crucial step towards enhancing

the performance of these materials. Moreover, efforts to develop effective methods and materials

for improving the recyclability of catalysts are vital for sustainability. This can contribute

to reducing waste and enhancing the economic feasibility of catalytic processes. In addition,

the design of reactors that are both cost-effective and user-friendly is imperative for practical

application in various industries.

For the electrocatalytic reduction reaction, the strategies employed often revolve around two

key objectives: either fine-tuning the adsorption of reactants and intermediates or enhancing

proton-electron transfer processes. To accomplish these objectives, it is imperative to gain an

in-depth understanding of the intricate reaction pathways involved. Several parameters such

as electronic structure and chemical composition, the geometry of the catalyst, promotion of
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the active sites, pH of the electrolyte, recyclability, stability, and suppression of HER are very

important for the high FE, selectivity, and better yield of the product. It is essential to tune the

d -band center and surface potential of the catalyst to control the adsorption of reactants and

intermediates. These factors play a pivotal role in influencing how reactants and intermediates

interact with the catalyst surface. When the catalyst’s active sites exhibit a high proton affinity,

it can lead to a dominance of the competing HER on a significant portion of the active sites.

Therefore, achieving the desired catalytic outcomes involves precisely adjusting the coverage of

adsorbed hydrogen species (Had) by carefully regulating the electronic structure of the catalyst.

Based on the identified gaps in the existing literature, the objectives of this thesis encompass sev-

eral key aspects related to thermal and electrocatalytic NOx reduction and catalyst development.

They include:

• Designing and developing novel, high-performance materials using innovative synthesis

routes for the catalytic reduction of NOx.

• Effectively dispersing active catalytic sites on materials with high surface areas to optimize

catalytic activity.

• A comprehensive investigation of the structure-property relation of the synthesized materials

to gain a deep understanding of the reaction mechanisms involved and the catalytic roles

played by the materials, with a focus on establishing structure-property relationships.

• In-depth study of the catalytic reduction of NOx, including the determination of kinetic

parameters and the enhancement of NOx conversion and product selectivity. Researching

and identifying improved support materials and dopants to suppress HER that can enhance

electrocatalytic performance.

These objectives collectively aim to contribute in catalyst development for thermal and elec-

trocatalytic NOx reduction, with a focus on achieving higher efficiency and selectivity in NOx

conversion processes into eco-friendly and value-added products. As advancements in technology

persist, catalytic deNOx techniques will continue to play a pivotal role in the ongoing pursuit of

a cleaner, healthier, and more sustainable world.

To achieve the mentioned goals, we have worked on investigating different materials. The thesis

covers the catalytic reduction of NOx by thermal and electrocatalytic processes. Chapter 2

focuses on the dispersity, porosity, and surface area of the support material utilizing noble metal
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as an active site for the low temperature gaseous NOx reduction. For the cost-effective route, we

have studied non-noble material as the catalyst in Chapter 3. The active site is clearly addressed

by investigating the synthesized catalyst in different routes. The detailed mechanism of the

reaction and kinetic parameters are also studied with the help of experimental and computational

methods. Chapter 4 deals with the reduction of aqueous NOx into a value-added product by

indulging electrocatalytic reduction method by manipulating the electronic structure and studied

the active site for suppressing the HER. The overall aspect of the study is concluded in Chapter

5.



Chapter 2

Low temperature catalytic reduction

of NO over porous Pt/ZIF-8

2.1 Introduction

A plethora of literature is available on finding better deNOx materials [7, 61, 62]. Oxidic

materials starting from rare earth oxides like CeO2 [63, 64], ZrO2, transition metal oxides like

TiO2 [65, 66], Fe2O3, V2O5, WO3 [67, 68], MnOx [69], Al2O3 or their composites [70, 71] have

been extensively studied for deNOx catalysis. The primary theme of these works has been to

enhance the surface area and porosity of the oxidic support, and high dispersion of the active

sites over the support for deNOx application. Mostly, noble metals are studied as active sites

because of their high oxidizing and reducing powers [72–75].

With a very high porosity and high surface area, the zeolitic imidazolate frameworks (ZIFs), a

subcategory of metal-organic framework materials have recently attracted significant attention

from researchers [76–78]. ZIFs consist of transition metal ions and an imidazolate framework,

where the metals play the role of silicon and the imidazolate anions form bridges that mimic

the role of oxygen as in zeolites. Among the wide varieties of ZIFs, ZIF-8 with a sodalite

topological structure demonstrated potential usage in different applications like gas storage and

separation, electro- and photocatalysis, and chemical sensing, and has been at the forefront

of scientific studies [79–83]. In ZIF-8, Zn2+ is the metal ion with the 2-methyl imidazolate

(HmIm) corner-sharing tetrahedral linker (Zn(HmIm)2) crystallizes in I 43m cubic space group

and possesses large cavity of ∼11.6 Å connected by the six-membered ring windows with the

13
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aperture of ∼3.4 Å. Due to this large porosity, ZIF-8 owns a very high surface area and also

shows high thermal and chemical stability. And therefore, here we choose ZIF-8 as support

material and disperse noble metal Pt on the ZIF-8 surface as active sites for the catalytic NOx

reduction. Adsorption is a primary step before any catalytic reactions, and the surface basic

imidazolate units may help to adsorb the NO on the surface. This will be an added advantage

for the catalytic efficacy of Pt/ZIF-8 for NO reduction. To compare the catalytic performance,

Pt/zeolite Y was considered as a benchmark material. The ammonium ion-exchanged zeolite

NH4−Y with faujasite topology was chosen due to the presence of basic NH+
4 groups in its surface

mimicking imidazolate units in ZIF-8. Though there are discrete reports on the utilization of

some metal-organic frameworks for NOx adsorbent [84], to our knowledge, this is the first report

of NO reduction over Pt/ZIF-8.

2.2 Materials and Methods

2.2.1 Synthesis of Catalyts

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O), ammonium hydroxide (NH4OH) and hydrazine

hydrate (N2H4.H2O) were purchased from S D Fine Chem. Ltd. 2-methylimidazole (HmIm) and

chloroplatinic acid hexahydrate (H2PtCl6.6H2O) were procured from Sigma Aldrich. Zeolite Y

was purchased from Alfa Aesar and was used as procured without any additional treatment. For

ZIF-8 synthesis, Zn(NO3)2.6H2O and HmIm were used as metal precursor and linker, respectively

and molar ratio between metal and linker was kept as 1:10. The metal and the liker solutions

were separately made of 0.594 g of Zn(NO3)2.6H2O (1.996 mmol) and 1.63 g HmIm of (19.96

mmol) with of water and NH4OH. Both the solutions were mixed with a magnetic stirrer for

15 min at 730 rpm for complete dissolution. Then the resultant solution mixture was heated

up to 120 oC for 30 min with a ramp rate of 10 oC min−1 in a conventional heating oven. The

obtained solid suspension was filtered, washed several times with deionized water, and dried

at 70 oC for 12 h in a hot air oven. The white-colored solid product was ZIF-8. 1 wt.% Pt

loaded ZIF-8 was synthesized by using the wet impregnation method. For the synthesis of 1%

Pt loaded ZIF-8, 10.64 mg of H2PtCl6.6H2O was dissolved in 10 mL of water, 400 mg of ZIF-8

was added to the above solution, and was stirred vigorously for 15 min. An equivalent amount

of hydrazine hydrate was added dropwise to this suspension, and stirring was continued for 2

h. The resultant solution was filtered, washed, and dried at 70 oC for 12 h in a hot air oven.
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The obtained solid powder was 1% Pt/ZIF-8. For the synthesis of 1% Pt/zeolite Y similar wet

impregnation procedure was followed.

2.2.2 Characterizations

The structural characterization of the synthesized materials was carried out with Rigaku Ultima

IV X-ray diffractometer with Cu Kα radiation (λ=1.5418 Å) at a scan rate of 1o min−1 with step

size of 0.01o to record the X-ray diffraction pattern (XRD). The average crystallite size (D) was

estimated using Scherrer’s formula: D=0.9λ/βCosθ, where λ is the wavelength of the radiation,

β is fullwidth at half-maximum, and θ is the corresponding angle. Temperature-dependent

in-situ XRD was used to evaluate the structural stability of the synthesized materials at elevated

temperatures by heating the samples from 30 to 600 oC at 10 oC min−1 under vacuum, and the

patterns were recorded at a scan rate of 1o min−1 with a step size of 0.01o. Thermogravimetric

analysis (TGA) was used to study the effect of temperature on the synthesized materials and

was performed using a Shimadzu DTG−60 from 30 to 900 oC temperature with a heating rate

of 10 oC min−1 under N2 atmosphere.

Thermo Scientific K-ALPHA surface analysis spectrometer with X-ray source of Al Kα radiation

(1486.6 eV) was used to record X-ray photoelectron spectra (XPS) of the synthesized catalysts.

Binding energies are reported with respect to C 1s at 284.8 eV. The surface morphology of

the synthesized materials was studied by using Field Emission Scanning Electron Microscopy

(FE-SEM, FEI-ApreoS) and high-resolution transmission electron microscopy (HR-TEM) (JEOL,

JEM 2100). Microtrac BEL Corp mini-II surface area analyzer was used for measuring the

surface area and pore size distribution of the synthesized materials. N2 adsorption-desorption

isotherms were measured at -196 oC. Prior to the sorption measurements, samples were degassed

in vacuum at 300 oC for 1 h. Temperature programmed desorption (TPD) unit (from Mayura

Analytical Private Limited, India) housing a thermal conductivity detector (TCD) was used for

NO-TPD and H2-temperature programmed reduction (H2-TPR) studies over the synthesized

catalysts.

The TPD unit contains a gas handling unit with a flow meter to monitor the flow of the gases, a

controller, a furnace with a temperature programmer, and a data acquisition system. 100 mg of

catalyst with 40–80 mesh size was packed in a continuous flow quartz micro-reactor with ceramic

wool. The flow rate of NO was set at 30 cm3 min−1. The NO was adsorbed on the catalyst

for 45 min and desorption of NO was carried out by increasing the temperature from 30 to 400
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oC with ramping of 10 oC min−1. Prior to each experiment, the catalysts were degassed in He

gas flow to minimize the contribution from the physisorbed species. The desorption profile of

NO was recorded by TCD detector. For H2-TPR experiments, 5 vol% H2/He was passed over

the 100 mg of catalyst with a total flow rate of 30 cm3 min−1, and the temperature was raised

from 30 to 400 oC with ramping of 10 oC min−1. To probe the adsorbed NO species on the

catalysts surface Fourier-transform infrared spectroscopy (FT-IR) was performed. The samples

were made into pellets with KBr and 10 µL of saturated NaNO2 solution was drop casted onto

it. The FT-IR spectra of the pristine and NaNO2 adsorbed pellets were recorded with JASCO

FT-IR-4200.

2.2.3 Catalytic Reduction of NO

For the NO reduction reaction, the synthesized catalysts were packed in the center of a micro-

reactor (made of quartz tube of 4 mm diameter) by placing glass wool before and after the

catalyst sample, and the reactor was inserted into a tubular furnace heated to the required

reaction temperature through a temperature controller. A schematic of the reactor set-up is

shown in Figure 2.1. The reaction temperature was measured by a chromel-alumel thermocouple

dipped in the catalyst bed. 1:1 vol.% of NO/He and H2/He gases were released from the cylinders

Figure 2.1: Schematic diagram of catalytic reactor

and the flow rate was measured by bubble flow meter. The total flow rate (ϑf ) was 30 cm3 min−1

with the gas hourly space velocity (GHSV) of 18,000 h−1. The GHSV was calculated by using
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the following formula:

GHSV =
Flow rate of gas passing through the reactor (ϑf )

(
cm3 min−1

)
Volume of catalyst placed at the reactor bed (ϑw) (cm3)

(2.1)

where, ϑw = π×length of the bed×(radius of the bed)2. All the gases were procured from M/S

Bhuruka Gases Ltd., India with 10 vol.% NO in He, 10 vol.% H2 in He, in this study. The outlet

of the micro-reactor was connected to an auto-sampler of online gas chromatography (DGA I,

Mayura Analytical Private Limited, India) to detect the product(s) during reduction. The gas

chromatograph’s oven, injector, and detector were kept at a constant temperature of 60 oC. The

initial rate of the reaction was calculated with the formula: NO conversion (µmol)/(Time (s) x

weight of catalyst (g)).

2.3 Results and Discussion

The X-ray diffraction (XRD) patterns in Figure 2.2(a) show the crystallinity and structural

information of the ZIF-8 and Pt/ZIF-8. ZIF-8 and 1% Pt/ZIF-8 crystallized in phase pure

body-centered cubic lattice with space group I 43m [85, 86]. There was no Pt diffraction peak

observed in the XRD pattern of 1% Pt/ZIF-8 concluding a very high dispersion of Pt over ZIF-8.

The obscured reflection of Pt over ZIF- 8 due to the very high dispersion of the metal is also

reported in literature [87]. The XRD patterns of zeolite Y and 1 % Pt/zeolite Y are shown

in Figure 2.2(b). The presence of sharp peaks validates the high crystalline nature of zeolite

Y. 1% Pt/zeolite Y, however, showed a significant peak at 40o corresponding to Pt (111) peak

suggesting agglomeration of Pt particles on zeolite Y surface. The average crystallite size of

ZIF-8 and 1% Pt/ZIF-8 estimated using Scherrer’s formula was found to be in the range of

50-55 nm, whereas zeolite Y and 1% Pt/zeolite Y samples showed an average crystallite size

of 35-40 nm. As NOx reduction takes place at elevated temperatures, the thermal stability of

the materials was examined by TGA and temperature-dependent in-situ XRD. Figure 2.2(c)

shows the TGA profile of synthesized materials. ZIF-8 and 1% Pt/ZIF-8 showed initial weight

loss of ∼15% around 150 oC, which might be due to the removal of unreacted guest organic

imidazole ligands [83]. With further heating till 500 oC, ZIF-8 gradually lost weight of ∼20%,

whereas Pt/ZIF-8 remained stable under the experimental conditions. Apparently, Pt loading

enhanced the thermal stability of ZIF-8 compared to the pristine sample. There was sharp weight

loss above 500 oC over both the samples, which could correspond to the combustion of organic
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framework resulting in ZnO. On the other hand, both zeolite Y and 1% Pt/zeolite Y showed a

similar amount (∼25%) of weight loss at lower temperature region and no further weight loss at

elevated temperatures till 900 oC. The presence of Pt on zeolite Y did not show any additional

Figure 2.2: XRD profiles of (a) ZIF-8 and 1% Pt/ZIF-8, (b) zeolite Y and 1% Pt/zeolite Y, (c)
TGA profiles of the synthesized catalysts, and (d) Temperature-dependent in-situ XRD profile

of 1% Pt/ZIF-8
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thermal stability like ZIF-8. The results indicate that the materials are stable enough for low

temperature application. To further probe this result, temperature-dependent in-situ XRD was

performed on 1% Pt/ZIF-8 (Figure 2.2(d)). The plot shows 1% Pt/ZIF-8 was stable up to 500

oC with a slight shifting of the peaks towards a lower angle indicating thermal expansion of the

lattice parameters, as also reported from earlier publications [83, 88]. However, the thermal

conversion of ZIF-8 to ZnO took place above 500 oC. This corroborates with the TGA findings.

The reduction of NO by H2 was carried out with an equimolar mixture of 1:1 vol.% of NO and

H2 over Pt dispersed and pristine ZIF-8 and zeolite Y. A high concentration of NO and H2 was

used to demonstrate the activity of these catalysts even at high concentration, and the reactions

were carried from room temperature to 110 oC (which is well within the thermal stability of the

materials). The light-off curves for NO conversions are plotted against rising temperature in

Figure 2.3. The pristine ZIF-8 showed a very poor conversion. Only 6% of the feed NO was

reduced over pristine ZIF-8 within the experimental temperature window. Interestingly, with

1% Pt/ZIF-8, there was complete conversion of NO, and 100% NO conversion was achieved within

Figure 2.3: The reduction of NO by H2 over the synthesized catalysts with equimolar mixture of
1:1 vol.% NO and H2

as low as 70 oC only. Evidently, Pt dispersion has significantly enhanced the catalytic efficacies

of ZIF-8. The initial rate of NO reduction over 1% Pt/ZIF-8 was found to be 0.24 µmol g−1 s−1.

On the contrary, Pt dispersion over zeolite Y did not make any significant change in the surface
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of the pristine zeolite. NO conversion over zeolite Y and 1% Pt/zeolite Y was only 40 and 50%,

respectively at 110 oC. This clearly suggests that either the nature of active sites of Pt over

ZIF-8 and zeolite Y are different, or the unique interaction of the metallic active site Pt with the

support ZIF-8 might have facilitated the reduction at a very low temperature. The interaction

of NO with the Pt modified surface could also have played a significant role in lowering the T50

temperature of NO reduction over 1% Pt/ZIF-8.

To understand the surface interaction of NO with the catalysts, we have performed the NO-TPD

experiments over all four catalysts (Figure 2.4(a)). The NO-TPD is one of the most conventional

methods for understanding the surface sites for adsorption. The low temperature peak suggests

a weak adsorption site, whereas the high temperature desorption peak suggests a strong NO

adsorption site in the TPD profile. There is one major peak at 130 oC, and one minor peak

at 300 oC of NO desorption over pristine and Pt-loaded zeolite Y, suggesting two different

adsorption sites over zeolite Y. Apparently, Pt dispersion over pristine zeolite Y marginally

increased the NO adsorption. On the contrary, Pt dispersion over ZIF-8 remarkably increased

the NO adsorption as evidenced by the intensity of the low temperature peak getting doubled.

A couple of other distinguishable differences between the ZIF-8 and zeolite Y catalysts observed

are

1. NO adsorption sites are stronger over ZIF-8 than zeolite Y as the corresponding peaks are

at elevated temperatures than zeolite Y

2. NO adsorption sites are more in number over ZIF-8 than zeolite Y as there are more than

two peaks are observed in ZIF-8

The stronger and more number of adsorption sites for acidic NO over ZIF-8 surface could be due

to the basic imidazolate units, which are absent on the zeolite surface. The NO-TPD results

can be easily correlated with the light-off profiles of NO reduction. NO reduction could take

place at such a low temperature over Pt/ZIF-8 as it possessed enormously higher NO adsorption

sites than the pristine ZIF-8. On the other hand, Pt dispersion over zeolite Y did not influence

either the NO adsorption or reduction. The high NO adsorption as well as low temperature

reduction could be due to the particular nature of active Pt sites, or the unique interaction of the

Pt with ZIF-8. Another factor that may determine the higher catalytic activity of Pt/ZIF-8 is

facile H2 dissociation over the Pt-supported catalyst surface. The facile catalytic H2 dissociation

would bring down the activation energy of the NO+H2 reaction and consequently would lower
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the T50 temperature of NO reduction. Therefore, we have performed the H2-TPR over the

synthesized catalysts from room temperature to 400 oC, and the corresponding profile is plotted

in Figure 2.4(b). Apparently, there is a substantial difference in the H2-TPR peak maxima.

The 1% Pt/ZIF-8 showed maxima only at 97 oC, whereas 1% Pt/zeolite Y showed it at 197

oC. The result indicates that the gaseous H2 is easily dissociated over Pt/ZIF-8 compared to

that of Pt/zeolite Y, and this made Pt/ZIF-8 a lower temperature superior catalyst towards NO

reduction.

Figure 2.4: (a) NO-TPD profiles of the synthesized catalysts and (b) H2-TPR profiles of 1%
Pt/ZIF-8 and 1% Pt/zeolite Y

Next, we probed the surface of the synthesized catalysts thoroughly. The surface morphologies

of the synthesized catalysts are shown in Figure 2.5. The micrographs of ZIF-8 (Figure 2.5(a))

and 1% Pt/ZIF-8 (Figure 2.5(b)) showed truncated cubes of ZIF-8 with average particle sizes of

350 nm. In 1% Pt/ZIF-8, the Pt particles were found finely and uniformly distributed over ZIF-8

cubes with an average size of 25 nm (Figure 2.5(c)). The remarkable increase in NO adsorption

and reduction over Pt/ZIF-8 compared to ZIF-8 could be due to this very high dispersion of the

fine Pt nanoparticles over ZIF-8 as revealed by the bright field TEM image in Figure 2.5 (c) and

(d) and also on the edge of the truncated cubes of ZIF-8. The STEM-EDS mapping confirmed

the 0.97% of Pt on ZIF-8. On the contrary, zeolite Y samples showed spherical particles, which

are constructed by small flakes (Figure 2.5(e)). In the case of Pt/zeolite Y, the Pt particles are

distributed over zeolite Y spheres (Figure 2.5(f)), however, the sizes of the surface Pt particles

were found to be ∼250 nm, which is 100 times higher when compared to the Pt in Pt/ZIF-8.

Due to this agglomerated particles of Pt in Pt/zeolite Y, showed a significant peak at 2θ=40o in
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XRD profiles as seen from Figure 2.2(c). The high distribution of Pt over ZIF-8 was further

probed by STEM-EDS mapping in Figure 2.6.

Figure 2.5: FE-SEM images of (a) ZIF-8, (b) 1% Pt/ZIF-8, (e) zeolite Y, (f) 1% Pt/zeolite Y,
and (c,d) HR-TEM images of 1% Pt/ZIF-8

Figure 2.6: STEM-EDS mapping of 1% Pt/ZIF-8

The electronic nature of this surface active sites of Pt and other metallic sites like Zn and Al

were explored by XPS, and the results are plotted in Figure 2.7. The core level spectra of Zn

in ZIF-8 and 1% Pt/ZIF-8 showed two peaks at 1021 and 1044 eV corresponding to 2p3/2 and

2p1/2 of Zn2+. In 1% Pt/ZIF-8, the Pt core level spectrum after deconvolution showed two peaks
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confirming the existence of Pt(0) with respect to corresponding binding energies. Thus Zn is in

2+ oxidation and Pt is in zero valent metallic state in ZIF-8 samples. In the case of zeolite Y

Figure 2.7: XPS (a) core level spectra of Zn in ZIF-8 and 1% Pt/ZIF-8, (b) core level spectra of
Al and Pt in zeolite Y and 1% Pt/zeolite Y catalysts, and (c) core level spectra of Pt in 1%

Pt/ZIF-8

samples, the binding energy of Al 2p appeared at 73.6 eV with a satellite of Pt 4f peak at 70.8

eV. The binding energy of Al 2p confirmed that the presence of aluminum in oxide form, and

Pt existed as Pt(0) in the impregnation method of synthesis. Further, the surface area and

porosity were studied by BET adsorption isotherms, and the isotherms are plotted in Figure 2.8.

The synthesized catalysts showed type I adsorption isotherm, representing the microporous

nature of the catalysts. BET surface areas are tabulated in Table 2.1. The surface area of
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ZIF-8 and Pt/ZIF-8 was found to be 1468 and 1448 m2 g−1, respectively, whereas zeolite Y and

Pt/zeolite Y exhibited half the area of ZIF-8, and the obtained values were 755 and 702 m2 g−1,

respectively. The pore size distribution (PSD) is one of the most important properties, and one

of the current standards for determining microscopic PSD experimentally is by using indirect

molecular adsorption methods such as nonlocal density functional theory (NLDFT). The total

pore volumes and pore diameters calculated by NLDFT are also tabulated in Table 2.1. The

pore sizes of the synthesized ZIF-8 catalysts were found to be higher than those of zeolite Y

samples. The Pt incorporation marginally reduced the surface area or porosity of the pristine

materials.

Figure 2.8: (a) N2 adsorption-desorption isotherms and (b) NLDFT pore size distribution plot
of the synthesized catalysts

Table 2.1: Surface area, pore volume, and pore diameter of the synthesized catalysts

Sample
BET Surface

Area (m2 g−1)
NLDFT pore

Volume (cm3 g−1)
NLDFT pore
Diameter (Å)

ZIF-8 1468.3 0.410 10.65

1%Pt/ZIF-8 1448 0.388 10.28

Zeolite Y 755.8 0.133 6.19

1%Pt/Zeolite Y 702.2 0.108 5.81

The obtained results indicated that the metallic Pt is highly dispersed over the truncated cubic

ZIF-8 surface resulting in a marginal decrease in the surface area and porosity of the pristine

material. However, the high NO adsorption and facile H2 decomposition made Pt/ZIF-8 a

superior low temperature NO reduction catalyst despite marginal loss of surface area and porosity.

Next, we wanted to probe the mechanistic details of the efficient NO reduction over Pt/ZIF-8.

Pt may easily oxidize NO to NO2 [61], which can be adsorbed on the basic surface of ZIF-8 as
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observed in the NO-TPD experiments. Therefore, we have screened the adsorption frequency of

NO−
2 over ZIF-8 and Pt/ZIF-8, and the FT-IR spectra are plotted in Figure 2.9(a). The peak

at 1638 cm−1 was observed for ZIF-8, which can be assigned to bridged NO2 species [89]. A

shift of 4 cm−1 was observed over 1% Pt/ZIF-8 indicating a stronger bridging bond between the

surface and NO2 species compared to the pristine sample. Accordingly, a molecular mechanism

is proposed in Figure 2.9(b).

Figure 2.9: (a) FT-IR spectra of NO2 adsorption over ZIF-8 and 1% Pt/ZIF-8, ad (b) a proposed
molecular mechanism of NO reduction over 1% Pt/ZIF-8 surface

We further explored the recyclability performance of Pt/ZIF-8 catalyst, and the data up to four

cycles are plotted in Figure 2.10. The catalyst activity was slightly decreased with each cycle

asthe T50 raised from 45 to 77 oC from the first to fourth cycle. The XRD profile of exhausted

Pt/ZIF-8 in Figure 2.11(a) showed a slight shift in the peaks, which could be ascribed to the

removal of guest imidazole resulting in a decrease in crystallite size. However, the morphology of

the exhausted catalyst showed a similar morphology to the as prepared sample (Figure 2.11(b)).

The elemental state of Pt is found as metallic after the thermal reduction of NO by H2 over 1%

Pt/ZIF-8 with the presence of Pt2+ (Figure 2.11(c)), and the BET isotherms of the exhausted

catalyst exhibited a marginally reduced surface area of 1127.2 m2 g−1. The slight reduction of
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the surface area of the exhausted catalyst could be due to the agglomeration of the fine particles

due to thermal ageing.

Figure 2.10: Recyclability of the reduction NO by H2 over 1% Pt/ZIF-8

Figure 2.11: (a) XRD patterns of 1% Pt/ZIF 8 after reduction of NO by H2, (b) FE-SEM images
of 1% Pt/ZIF 8 after reduction of NO by H2, and (c) Pt core level XPS Spectra of 1% Pt/ZIF 8

after reduction of NO by H2

2.4 Conclusion

ZIF-8 was meticulously synthesized, displaying remarkable characteristics of body-centered

cubic. NO is primarily attributed to the presence of basic imidazolate units on its surface.

TPR investigations revealed the low temperature H2 dissociation over Pt/ZIF-8. The resulting

ultra-high dispersion of metallic Pt nanoparticles on the high surface area porous ZIF-8 played a

dual role. Firstly, it significantly amplified the NO adsorption capabilities of the catalyst, and



Chapter 2. Low temperature catalytic reduction of NO over porous Pt/ZIF-8 27

secondly, it efficiently facilitated the reduction of NO at notably low temperatures when compared

to the pristine ZIF-8. Evidence from FT-IR spectroscopy results indicated the strong binding of

adsorbed NO to Pt/ZIF-8 as opposed to the pristine sample. Furthermore, Pt/ZIF-8 surpassed

the benchmark catalyst Pt/zeolite Y in terms of performance. Moreover, Pt/ZIF-8 demonstrated

consistent recyclability, showcasing its potential as a highly effective and sustainable catalyst for

NO reduction.



Chapter 3

Probing the surface active sites of

Ce1−xNixO2−δ for catalytic reduction

of NO

3.1 Introduction

It is evident that extensive studies have been carried out with the supported metal catalysts

for NOx reduction [65, 90–93]. Researches have observed that noble metals dispersed on

reducible oxidic supports are by far the choice of materials for low temperature selective NOx

reduction by H2 [94–97]. The existing literature establishes that the catalytic reaction follows a

Langmuir–Hinshelwood type of mechanism involving the dispersed metal atoms as active sites,

where the oxidizing molecule dissociates and combines with the reducing molecule. This boils

down to the fact that the rate of catalytic conversion solely depends on the metal dispersion

over oxide supports. Therefore, nanocrystalline metal dispersion is an important step in exhaust

catalysis. However, there is a limit to metal dispersion as the small metal crystallites form bigger

agglomerations due to metal–metal bonding and eventually lose their surface area. Further, the

most commonly used oxide support Al2O3 cannot be reduced by noble metals, and therefore

noble metals do not get oxidized on Al2O3. To increase metal dispersion, reducible oxides like

CeO2 have been the subject of intense research due to their importance in exhaust catalysis.

In this regard, the solid solutions of the noble and base metals in their ionic form substituted in the

reducible oxides of CeO2 and TiO2 have been extensively studied by us, which indeed exhibited

28
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much higher rates of catalytic conversion of NO under TWC and lean conditions compared

to the same amount of noble metal particles dispersed over non-reducible oxides. [63, 64, 66,

98–104]. The substitutional aliovalent doped oxides, such as Ce1−xMxO2−δ, Ce1−x−yAxMyO2−δ,

and Ti1−xMxO2−δ (M=Pd, Pt, Rh, Ru; A=Ti, Zr, Sn, Fe) created oxygen vacancy, which

behaved as an active site of reaction in addition to the metal sites. Our group has proposed

a metal ion-reducible support interaction that facilitated the catalytic activity through a dual

site involvement in a modified Langmuir–Hinshelwood mechanism [105]. Other research groups

also reported the involvement of surface oxygen vacancy in the reaction mechanism of NOx

reduction by H2 over Cu2M9CeOx (M=Fe, Co, Ni) catalysts [106]. Lee et al. [107] demonstrated

that the oxidized NiOx/CeO2 catalyst due to the presence of oxygen vacancy as defect sites,

Ni2+ oxidation state, and smaller crystallite size could enhance the catalytic activity in NO

reduction. On the other hand, studies on NO reduction by CO over NiO/MOx (M=Al, Ti, and

Ce) catalysts have corroborated the crucial importance of oxygen vacancies on the oxidized and

reduced CeO2 support surface for high activity and N2 generation, however, the effect of Ni

oxidation state was not clear [108].

To address this unresolved issue of probing the active sites, the NO reduction by H2 over the

solid solutions of Ce1−xNixO2−δ is investigated in this chapter, where the Ni is substituted in

the fluorite lattice in its bivalent ionic form with adjacent oxygen ion vacancies. Ni2+ was chosen

as a dopant due to the cheap and ease of accessibility of the metal compared to the precious

metals. The ionic state and the oxygen vacancy were varied by reducing the catalysts in H2

atmosphere. The study indicated the importance of the surface hydroxyl species in addition to

the oxygen vacancies in the catalytic NO reduction mechanism, which was further corroborated

by DFT calculations. Based on the experimental observation and theoretical calculations we

have developed a generalized kinetic model for the NO reduction mechanism by H2 gas over

supported metal catalysts.

3.2 Materials and Method

3.2.1 Synthesis of Catalysts

The pristine CeO2 and the series of Ni doped CeO2 catalysts (Ce1−xNixO2−δ, where x=0.05, 0.1,

and 0.2) were prepared by the low-temperature-initiated facile single step solution combustion

synthesis method. This self-propagating combustion method utilizes the propellant chemistry
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involving highly exothermic metathetical chemical reactions between oxidizer and fuel [109, 110].

Here, metal nitrates, Ce(NO2)3.6H2O (Sigma Aldrich, India) and Ni(NO2)3.6H2O (Sd Fine

Chem Limited, India) were taken as oxidizer and glycine (Sigma Aldrich, India) was used as

fuel. In the solution combustion synthesis, the initial reaction media being in the liquid state

(e.g. aqueous solution) allows the mixing of the reactants on the molecular level, thus permitting

precise and uniform formulation of the desired composition on the nanoscale. The high reaction

temperature also ensures high product purity and crystallinity. The stoichiometric composition

of the redox mixture was calculated based on the total oxidizing and reducing valences of the

oxidizer and the fuel. In a typical synthesis of Ce1−xNixO2−δ, calculated amount of 0.05 mol

of Ce(NO2)3.6H2O and Ni(NO2)3.6H2O were dissolved in a minimum volume of water in a

300 mL borosilicate dish. The dish containing the redox mixture was introduced into a muffle

furnace maintained at 450 oC. Initially, the solution boiled with frothing and foaming and then

underwent dehydration. At the point of complete dehydration, the surface ignited, burning with

a flame with a temperature reaching about 1000 oC and yielding a voluminous solid product

within a couple of minutes. The chemical reaction for Ce1−xNixO2−δ, is as follows:

2(1− x)Ce (NO3)3 .6H2O+ 2xNi (NO3)2 .6H2O+ 2C2H5NO2 + (3x− 2.5− 2δ)O2 →

2Ce1−xNixO2−δ + 4CO2 + 17H2O+ (4− x)N2

(3.1)

The combustion process was instantaneous and due to the production of huge amounts of

gases, the products were homogenous nano-crystalline materials with desired composition and

structure. These as-prepared materials were screened for catalytic reduction of NO without any

pre-treatment. The experimental setup for catalytic reactions is provided in the following sections.

The catalytic reduction of NO was also carried out over reduced Ce1−xNixO2−δ, materials. To

synthesize the reduced Ce1−xNixO2−δ, (where x = 0.1), combustion synthesized as-prepared

materials were heated under 10 cc min−1 H2 flow in a tubular reactor at 350 oC for 1 h of

duration.

To benchmark the solution combustion synthesized catalysts, the homologous materials were also

synthesized by physical mixing and wet impregnation methods. 10% NiO/CeO2 was prepared

by physical grinding of both the solution combustion synthesized individual oxides in their

respective calculated amount for 2 h with an agate mortar and pestle. For the synthesis of

10% Ni/CeO2 (IMP) by impregnation method, the calculated amount of Ni(NO2)3.6H2O was

dissolved in 10 mL of water, the required amount of combustion synthesized CeO2 was added to

the above solution, and was stirred vigorously for 15 min. An equivalent amount of NaBH4 was
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added dropwise to this suspension, and stirring was continued for 2 h. The resultant solution

was filtered, washed, and dried at 75 oC for 12 h in a hot air oven to obtain the 10% Ni/CeO2

(IMP) catalyst.

3.2.2 Characterization

The structural analyses of the synthesized catalysts were carried out using powder XRD. The

XRD patterns were recorded using Rigaku Ultima IV X-ray diffractometer with Cu Kα radiation

(λ=1.5418 Å) at a scan rate of 0.5o min−1 with step size of 0.02o. The average nanocrystalline

diameters were calculated from the highest intense peak using Scherrer’s formula. Rietveld

refinements of the recorded XRD profiles were carried out with the Fullprof program by varying

the parameters, such as scale factor, Miller indices, preferred orientation, zero point, half-width,

asymmetry parameters of the peak shape, unit cell parameters, positional parameters, occupancy

parameters for Ce, Ni and O atoms, isotropic thermal factors, and background intensity. HR-

TEM micro images and the electron diffraction patterns were collected in the JEOL/JEM 2100

instrument using a 200 keV energy source. The surface area and morphology of the synthesized

materials were studied by employing Microtrac BEL Corp mini-II surface area analyzer and

FE-SEM by FEI-ApreoS respectively. Prior to the N2 sorption measurements at 77 K, samples

were degassed in a vacuum at 200 oC for 2 h. XPS of the catalysts were recorded in Thermo

Scientific MultiLab 2000 with Al Kα radiation (1486.6 eV) operated at 15 kV with 10 mA (150

W) to study the surface chemical species of the catalysts. The XPS spectra were analyzed using

Avantage software and the binding energies were calibrated with respect to the carbon C1s

spectra at 284.8 eV.

3.2.3 Catalytic Reduction of NO

All the synthesized catalysts were screened for NO reduction with H2 in an indigenously built

TPR system. The TPR housed a fixed bed quartz reactor with furnace and a gas chromatograph

(GC) as shown in the block diagram of Figure 2.1. The quartz reactor had an inner diameter of

4 mm. The synthesized catalytic materials were made into a pellet and then were sieved with a

40-80 mesh size. The sieved materials were packed in the required weight in the quartz reactor

and were sandwiched between ceramic wool plugs. The fixed bed reactor was inserted into a

furnace heated to the required reaction temperature through a temperature controller, and the

temperature was monitored by a K-type thermocouple dipped in the catalyst bed. The reaction
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conditions were maintained with a total flow rate of 10 mL min−1 with GHSV of ∼8000 h−1 with

1% NO in He and 10% H2 in He procured from M/S Bhuruka Gases Ltd., India. The calculated

amount of gas released from gas cylinders was regulated by pressure regulators followed by needle

valves and was measured by bubble flow meters. The effluent gases from the micro-reactor were

monitored using an auto-sampler of online GC (DGA I, Mayura Analytical Private Limited,

India) equipped with a molecular sieve column to detect the product(s) in TCD during reduction.

The gas chromatograph’s oven, injector, and detector were kept at a constant temperature of 60

oC.

3.2.4 Theorectical Calculations

Periodic DFT calculations were carried out using Quantum Espresso suite [111]. Perdew-Burke-

Ernzerhof (PBE) under Generalized Gradient Approximation (GGA) [112] was used as the

exchange-correlation functional, while the interaction between the outer electrons and the ionic

core was represented by the projector augmented wave (PAW) method [29]. The electronic

wavefunctions were expanded with a kinetic energy cutoff of 50 Ry and a charge density cutoff

of 500 Ry. Electronic localization of highly correlated 4f electrons of cerium was described by

the inclusion of Hubbard potential in DFT+U calculations. We chose Hubbard parameter (U)

from the previous theoretical calculations as 5 eV [113]. Interactions between the crystal surface

and the slab image were minimized by applying a 15 Å vacuum above the surface. Geometry

optimizations were executed by employing a convergence criterion of 10−8 a.u. for self-consistency

and 10−6 a.u. for structural optimization. The Brillouin zone was sampled by a Monkhorst–Pack

(MP) grid of 2×2×1. The climbing-image nudged elastic band (CI-NEB) method [114] was used

to find the minimum energy path during the surface reactions. We took a total of five images in

this path, which included the initial and final configurations. The following formula was used for

determining the adsorption energy of species (NO/H) over the surface:

Adsorption Energy (Ead) = E (CeO2/NO/H)− E (CeO2)− E(NO/H) (3.2)

E(CeO2/NO/H), E(CeO2) and E(NO/H) are the energy of CeO2 along with the surface adsorbed

species, the energy of ceria surface, and energy of the free species, respectively. The CeO2 (111)

surface is the most stable surface in the ceria crystal structure [115], and all the calculations in

this study were carried out over this surface.
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3.3 Results and Discussion

3.3.1 Structural, Surface and Electronic Properties

The powder XRD patterns of the as-prepared synthesized catalysts are plotted in Figure 3.1(a).

The combustion synthesized pristine and the doped catalysts showed broad XRD peaks indicating

a nano-crystalline nature of the materials. The short duration of the solution combustion synthesis

and the formation of various gases during solution combustion synthesis inhibit particle size

growth and favor the synthesis of nano-size powders with high specific surface areas. The

crystallite sizes of the solution combustion synthesized materials calculated using Scherrer’s

formula were in the range of 7-9 nm. The pristine CeO2 crystallized in phase pure cubic

fluorite structure with the space group Fm3m (JCPDS: 34-0394) [64, 116]. Upon Ni doping,

Ce0.95Ni0.05O2−δ and Ce0.9Ni0.1O2−δ did not show any additional diffraction peak corresponding

to Ni or NiO phases as also observed in our previous studies [63, 100]. On the other hand, with

a higher loading of 20% Ni in ceria, in Figure 3.1(a). Ce0.8Ni0.2O2−δ exhibited a very minor

NiO peak at 43.4o (JCPDS: 04-0835) suggesting a precipitation of NiO phase. The enlarged

profile is plotted in Figure 3.1(b). This is in agreement with the previous reports that showed a

maximum solubility limit of Ni in fluorite CeO2 within the range of 12-15% [117, 118]. The pure

phase solid solution of Ce0.9Ni0.1O2−δ was reduced with H2 at elevated temperatures, and the

corresponding XRD pattern of the reduced Ce0.9Ni0.1O2−δ is also shown in Figure 3.1(a). The

profile indicates a slight loss of crystallinity, however, no crystalline Ni or NiO was observed to

precipitate as exsolution. The thermal stability of the solid solution was thus confirmed. It must

be noted that the diffraction pattern of 10% NiO/CeO2 made by the physical mixing of the

corresponding oxides exhibited the characteristic peaks corresponding to NiO phases as shown

in Figure 3.1(c). The XRD pattern of 10% Ni/CeO2 (IMP) is also plotted in Figure 3.1(c).

To confirm the formation of a solid solution of as-prepared Ce0.95Ni0.05O2−δ and Ce0.9Ni0.1O2−δ

via substitutional doping of Ni in CeO2 lattice, Rietveld refinement was carried out with the

powder diffraction patterns. The refinement was not performed with the diffraction pattern

of Ce0.8Ni0.2O2−δ as the material did not show the single fluorite phase. The refinement was

carried out on the experimentally collected diffraction data by substituting Ni2+ in place of Ce4+

at the Wyckoff sites 4a and oxygen in 8c, and the observed, calculated, and difference XRD

patterns of pristine CeO2 and Ce1−xNixO2−δ (x = 0.05 and 0.1) are shown in Figure 3.1(d). The
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Figure 3.1: (a) XRD patterns of pristine CeO2 and as-prepared Ce0.9Ni0.1O2−δ (x = 0.05, 0.1,
0.2) and reduced Ce0.9Ni0.1O2−δ, (b) Enlarged XRD profile of Ce0.8Ni0.2O2−δ, (c) XRD profile
of 10% NiO/CeO2 and 10% Ni/CeO2 (IMP), and (d) Rietveld refined patterns of pristine CeO2

and as-prepared Ce0.9Ni0.1O2−δ (x=0.05 and 0.1) and reduced Ce0.9Ni0.1O2−δ
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reliability factors RBragg, and χ2 values provided in Table 3.1 represent a good fitting. The

Shannon’s ionic radii of six coordinated Ni2+ is 0.69 Å, whereas Ce4+ in CeO2 is of 0.87 Å [119].

Therefore, a substitutional solid solution would result in a contracted unit cell. The refined

lattice parameters and the unit cell volumes of CeO2 and Ce1−xNixO2−δ (x=0.05, 0.1) in Table

3.1 indeed indicate a slight shrink in the unit cell size of doped materials compared to the pristine

one due to the lattice substitution of Ni2+ in CeO2. With higher doping of smaller-sized Ni2+,

the fluorite lattice gradually shrunk as evidenced from Table 3.1.

Table 3.1: Rietveld refinement parameters of pristine CeO2 and Ce1−xNixO2−δ (x=0.05 and 0.1)

Sample
Lattice parameter
a = b = c (Å)

Cell volume(
Å

3
) Oocc RBragg χ2

CeO2 5.4187 159.107 1.996 2.13 1.06

Ce0.95Ni0.05O2−δ 5.4111 158.441 1.952 1.74 1.17

Ce0.9Ni0.1O2−δ 5.4105 158.385 1.937 1.57 1.27

Reduced Ce0.9Ni0.1O2−δ 5.4152 158.805 1.862 5.98 1.08

Even though the X-ray scattering factor of oxygen is low compared to that of cerium, the refined

oxygen occupancy obtained from the refinement can give us a trend in the variation of oxygen

content. The decrease in oxygen content as a point defect is expected as a result of aliovalent

substitutional doping. A decrease of oxygen occupancy (Oocc) from 1.996 in pure CeO2 to

1.952 in Ce0.95Ni0.05O2−δ and 1.937 in Ce0.9Ni0.1O2−δ is evidently significant as shown in Table

3.1. This further confirms the ionic doping of Ni2+ in the CeO2 lattice. It must be noted that

the Rietveld refinement of reduced Ce0.9Ni0.1O2−δ did exhibit an oxygen occupancy of 1.862.

Apparently, the reducing atmosphere of H2 at elevated temperatures has created extra oxygen

ion vacancy in the fluorite lattice compared to the as-prepared sample.

To corroborate the substitutional doping of Ni in the fluorite CeO2 matrix, the HR- TEM micro-

graphs and the electron diffraction data of the as-prepared and reduced Ce0.9Ni0.1O2−δ were

collected. The lattice fringe distance of 0.329 nm in Ce0.9Ni0.1O2−δ in Figure 3.2(a) was consistent

with the (111) plane of the material as was also observed in powder XRD data. The electron

diffraction data in Figure 3.2(b) showed the presence of characteristic planes corresponding to the

cubic CeO2 structure. Any lattice fringes or planes related to NiO phase were not observed either

in the TEM micrograph or in the electron diffraction pattern corroborating the formation of

solid-solution through combustion synthesis. The average particle size of combustion synthesized

Ce0.9Ni0.1O2−δ was ∼35 nm as observed from Figure 3.2(c). The reduced Ce0.9Ni0.1O2−δ did

not show any significant change in the lattice fringe distances and in electron diffraction data,

and there was no characteristic crystalline metallic Ni fringes observed (Figure 3.2(d, e)). The



Chapter 3. Probing the surface active sites of Ce1−xNixO2−δ for catalytic reduction of NO 36

average particle size of reduced Ce0.9Ni0.1O2−δ was ∼25 nm as observed in Figure 3.2(f).

Figure 3.2: HR-TEM and particle size distribution of as-prepared and reduced Ce0.9Ni0.1O2−δ

After a thorough structural characterization, we probed the surface of the synthesized catalysts.

The electronic states of Ni and Ce can be extracted from core-level XPS spectra. The core

level spectrum of Ce3d in pristine CeO2 (3d5/2 is labelled as v, and 3d3/2 is labelled as u) in

Figure 3.3(a) exhibits Ce4+ doublet peaks as v-u (882.2 and 902.6 eV), v
′′
-u

′′
(888.6 and 910.2 eV),

and v
′′′
-u

′′′
(898.1 and 916.5 eV) arising from Ce3d94f 2O2p4, Ce3d94f 1O2p5 and Ce3d94f 0O2p6

final states, respectively [116, 120, 121]. Furthermore, the relatively well separated v
′′′
-u

′′′
peak

from the rest of the spectrum with narrow and intense u
′′′

delineates the presence of tetravalent

Ce4+ in pristine CeO2. The peaks labelled in the CeO2 spectrum as vo-uo (881.5 and 900.6 eV),

and v
′
-u

′
(884.4 and 907.0 eV) are associated with Ce3+ species corresponding to Ce3d94f 2O2p5

andCe3d94f 1O2p6 final states, respectively. Upon Ni doping, in as-prepared Ce0.9Ni0.1O2−δ and

in reduced Ce0.9Ni0.1O2−δ the corresponding Ce4+ and Ce3+ peaks remained almost in the same

position, however their respective intensities marginally varied (Figure 3.3(a)). The relative

surface concentrations (C) of Ce3+ and Ce4+ was estimated from deconvoluted peak areas (S)

by using the following equations:
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Figure 3.3: (a) Ce 3d core level spectra in pristine CeO2, and as-prepared and reduced
Ce0.9Ni0.1O2−δ, (b) Ni 2p core level spectra of as-prepared and reduced Ce0.9Ni0.1O2−δ, (c)
Ni2p core level spectra of 10% NiO/CeO2 and 10% Ni/CeO2 (IMP), and (d) O 1s core level

spectra of pristine CeO2, and as-prepared and reduced Ce0.9Ni0.1O2−δ
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SCe4+ = Sv + Su + Sv′′ + Su′′ + Sv′′′ + Su′′′ (3.3)

SCe3+ = Svo + Suo + Sv′ + Su′ (3.4)

CCe4+ =
SCe4+

SCe4+ + SCe3+
(3.5)

Accordingly, the relative surface concentration of Ce4+ and Ce3+ are obtained to be 53.7% and

46.31% in pristine CeO2, and 51.8% and 48.2% in as-prepared Ce0.9Ni0.1O2−δ. The reduced

Ce0.9Ni0.1O2−δ exhibited a relative surface concentration of Ce4+ and Ce3+ to be 52.6% and 47.4%.

Apparently, the elevated temperature reduction did not reduce much of Ce4+. Figure 3.3(b) shows

the Ni core level spectra, where the deconvolution indicates that the as-prepared Ce0.9Ni0.1O2−δ

is comprised of bivalent Ni2+ with 2p3/2 and 2p1/2 at the binding energies of 855.4 eV and

871.7 eV, respectively [122]. These peaks are also accompanied by satellite peaks at 860.1 and

865.4 eV [123]. After reduction, reduced Ce0.9Ni0.1O2−δ did show a mixed Ni valency with

6.8% metallic Ni0. However, it must be noted that the corresponding crystalline peaks due to

Ni0 were obscured in the electron diffraction and XRD patterns may be due to its amorphous

nature. The Ni core level spectra of 10% NiO/CeO2 and 10% Ni/CeO2 (IMP) are plotted in

Figure 3.3(c). The Ni in 10% NiO/CeO2 clearly showed the presence of ionic Ni2+, whereas a

significant percentage of Ni0 was observed in 10% Ni/CeO2 (IMP) catalyst.

The O 1s deconvoluted core-level spectra of pristine CeO2 plotted in Figure 3.3(d) show three

distinguishable peaks at 529.3 eV due to lattice oxygen (OL), at 531.5 eV due to adsorbed

oxygen species in the defect sites (Ov), and at 535.3 eV corresponding to hydroxyl species of

surface-adsorbed water molecules (Oα). Clearly, the peak ratio of the surface oxygen vacancy

(Ov) to lattice oxygen (OL) has significantly enhanced in as-prepared Ce0.9Ni0.1O2−δ compared

to the pristine CeO2. The aliovalent doping of Ni2+ in the fluorite matrix has apparently created

the oxygen vacancy as point defects [64, 99, 124]. The Ov/OL was found to be highest in reduced

Ce0.9Ni0.1O2−δ suggesting an enhanced surface bound oxygen vacancies upon high temperature

reduction. It must be noted that the enhancement of oxygen vacancies upon reduction was also

indicated in Rietveld refinement. An additional hydroxyl species of Oβ at 537.0 eV was observed

in reduced Ce0.9Ni0.1O2−δ [125]. It can be concluded from the XPS studies that the elevated

temperature reduction could not significantly reduce Ce4+, however has created amorphous Ni0

and surface oxygen vacancies along with additional hydroxyl species on the surface of reduced

Ce0.9Ni0.1O2−δ.
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The surface morphology of the pristine CeO2 and the as-prepared and reduced Ce0.9Ni0.1O2−δ

catalysts were probed by FE-SEM. The FE-SEM micrographs of both pristine CeO2 and as-

prepared Ce0.9Ni0.1O2−δ in Figure 3.4(a) and (b) exhibited spherical and agglomerated particles.

The Ni doping apparently did not make any significant change in the morphology of the particles.

The elevated temperature reduction also did not make any impact on the morphology of reduced

Ce0.9Ni0.1O2−δ as observed from Figure 3.4(c). The BET surface area of the pristine CeO2,

as-prepared and reduced Ce0.9Ni0.1O2−δ were in the range of ∼40 m2 g−1 (Figure 3.4(d)).

Figure 3.4: (a) FE-SEM of (a) pristine CeO2, (b) as-prepared Ce0.9Ni0.1O2−δ, (b) reduced
Ce0.9Ni0.1O2−δ, and (d) N2 sorption isotherms of pristine CeO2, as-prepared and reduced

Ce0.9Ni0.1O2−δ

3.4 Catalytic performances

The catalytic activity of the solution combustion synthesized Ce0.9Ni0.1O2−δ materials towards

NO reduction was evaluated with equimolar mixture of 1:1 vol% (5000 ppm each) of NO and H2.

The concentration of 5000 ppm taken for the study was higher compared to reaction conditions

reported in the literature [126, 127]. The light-off curves in Figure 3.5(a) show the NO conversion
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efficiency of as-prepared Ce0.9Ni0.1O2−δ (x = 0, 0.05, 0.1, 0.2) as a function of temperatures.

The

Figure 3.5: NO conversion efficiency plot as a function of temperature over the synthesized
catalysts

profiles show that there was no catalytic reduction of NO over pristine CeO2 within the

experimental temperature window, whereas the Ni2+ doped materials could reduce NO between

280-340 oC. The results clearly showed the importance of doping of Ni2+ and the corresponding

oxide ion vacancies in the NO reduction reaction. The T50 of Ce0.95Ni0.05O2−δ, Ce0.9Ni0.1O2−δ

and Ce0.8Ni0.2O2−δ were at 272, 240 and 233 oC, respectively. Apparently, there was a significant

lowering of T50 from Ce0.95Ni0.05O2−δ to Ce0.9Ni0.1O2−δ, whereas with higher than 10% of

Ni2+ doping the catalytic efficacy did not improve substantially. For all practical purposes,

Ce0.9Ni0.1O2−δ with 10% of Ni2+ doping can be considered as the optimum doping level for

catalytic efficiency. It must also be noted that with 20% of Ni2+ doping, Ce0.8Ni0.2O2−δ did not

show a single-phase fluorite structure. To further probe the role of lattice doped Ni2+ and oxygen

vacancies in catalytic NO reduction, 10% Ni/CeO2 (IMP) made by the impregnation method and

10% NiO/CeO2 made by the physical mixing of the corresponding oxides were compared with

as-prepared Ce0.9Ni0.1O2−δ, where the Ni atomic percentage was kept constant at 10% in all the

catalysts. It should be noted that in 10% Ni/CeO2 (IMP) and in 10% NiO/CeO2, the Ni was in

mixed valent and bivalent states, respectively, and also on the surface of CeO2 in comparison to

Ce0.9Ni0.1O2−δ, where the bivalent Ni
2+ is positioned in the fluorite lattice of CeO2. The light-off

curves in Figure 3.5(b) show that there was absolutely no NO reduction over 10% NiO/CeO2

within the experimental temperature window, whereas 10% Ni/CeO2 (IMP) could reduce NO
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with a T50 at 270 oC. This is 30 oC higher than the T50 value of NO reduction over as-prepared

Ce0.9Ni0.1O2−δ. Also, only ∼80% of feed NO was reduced till 350 oC over 10% Ni/CeO2 (IMP).

This indicates that neither cationic Ni2+ nor metallic Ni0 outside the CeO2 lattice is the active

species for effective NO reduction under experimental conditions. Rather ionically doped Ni2+ in

the fluorite lattice in combination with the oxygen vacancies can effectively reduce NO with H2.

To further establish the importance of the oxygen ion vacancies, we have performed the NO reduc-

tion by H2 over reduced Ce0.9Ni0.1O2−δ. The reduced Ce0.9Ni0.1O2−δ had higher concentration

of oxygen vacancies and additional hydroxyl species than the as-prepared Ce0.9Ni0.1O2−δ. There

was also a minimal presence of amorphous Ni0 along with Ni2+ in reduced Ce0.9Ni0.1O2−δ,

whereas the oxidation state of Ce4+ remained intact as was observed from the XRD and XPS

studies. The light-off curve of reduced Ce0.9Ni0.1O2−δ showed a significant improvement of the

reduction of NO with a T50 as low as 220 oC (Figure 3.5(b)). The NO reduction was initi-

ated only at 130 oC and the complete reduction took place by 240 oC over reduced Ce0.9Ni0.1O2−δ.

Figure 3.6: (a) XRD, (b) XPS, and (c) FE-SEM characterization of exhausted catalysts after
NO reduction by H2
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This indicates that the mixed valency of Ni and/or excess oxygen vacancies and additional

hydroxyl species acted as active sites for the reduction of NO. The exhausted materials did

not exhibit any observable difference in structure and in surface morphology as shown in XRD,

XPS, and FE-SEM studies in Figure 3.6. To substantiate the differences between the catalytic

efficacy of as-prepared and reduced Ce0.9Ni0.1O2−δ, we performed the catalytic NO reduction

over the two sets of materials in the cycle. After the first catalytic NO reduction over as-prepared

Ce0.9Ni0.1O2−δ, we reduced the catalyst at 500 oC for 1 h in H2 gas flow, and screened the

reduced material for NO reduction. Following that the exhausted material was further oxidized

at 500 oC for 1 h in O2 atmosphere for the second run of NO reduction. This cycle was continued

two times. Figure 3.7 clearly shows the hysteresis in light-off curves with a prominent difference

in T50 between the set of oxidized and reduced Ce0.9Ni0.1O2−δ materials. This corroborates the

higher efficacy of reduced Ce0.9Ni0.1O2−δ over the as-prepared/oxidized Ce0.9Ni0.1O2−δ material.

Figure 3.7: Cyclic NO reduction experiments on oxidized and reduced Ce0.9Ni0.1O2−δ

The shift in temperature from cycle 1 to cycle 2 could be due to some deactivation in the

exhausted catalyst. To probe the differences in surface, we ran the XPS of Ni 2p and O 1s core
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level over the oxidized and reduced set of materials before the second cycle. Interestingly, we

found that the metal Ni was completely in the bivalent state in the oxidized sample, and in

the mixed valence state in the reduced sample before the second run of NO reduction as was

also observed before the first cycle (Figure 3.8(a)). Further, the O 1s spectra exhibited the

presence of the high amount of oxygen vacancy (Ov) and the existence of the additional hydroxyl

species of Oβ , which were absent in the oxidized sample before the second cycle of NO reduction

(Figure 3.8(b)). This apparently indicates that the as-prepared/oxidized Ce0.9Ni0.1O2−δ upon

subsequent reduction can generate the mixed valences, higher oxygen vacancies (Ov), and

additional surface hydroxyl species (Oβ) repeatedly for better catalytic NO reduction. The

repeated generation of active sites in consecutive cycles is a significant novelty of the material.

Figure 3.8: Ni 2p and O 1s core level spectra of oxidized and reduced Ce0.9Ni0.1O2−δ before
Cycle 2

As the reduced Ce0.9Ni0.1O2−δ showed comparatively better catalytic activity than the analogous

as-prepared one, we further evaluated the activation energy of NO reduction over the two

catalysts. The experiments were performed by passing the constant flow of H2 and NO mixture
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through the reactor over a different loading of catalysts varying from 25 to 100 mg while

maintaining the same GHSV of ∼8000 h−1. The slope from the plot of fractional conversion

(XNO) vs. load of catalyst/molar flow rate of NO (W/FNO) gives the rate (-rNO) as per the

equation W⁄FNO=XNO⁄(-rNO) (Figure 3.9). The obtained rate against temperature (in the

range of 210 to 240 oC) plotted in the form of the Arrhenius equation in Figure 3.9(d) provided

the activation energy (Ea) over the respective catalysts. The Ea of 121.5 kJ mol−1 for reduced

Ce0.9Ni0.1O2−δ and 350.5 kJ xmol−1 for as-prepared Ce0.9Ni0.1O2−δ clearly indicated the higher

catalytic efficacy of the reduced material over its oxidized analogue.

Figure 3.9: Partial pressure vs. W/FNO plot over (a) as-prepared Ce0.9Ni0.1O2−δ, (b) reduced
Ce0.9Ni0.1O2−δ, and (c) Activation Energy from Arrhenius plot
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3.5 Mechanistic probe

The spectroscopic evidence rationalized that the mixed valency of Ni and/or excess oxygen

vacancies and additional hydroxyl species were responsible for the higher catalytic efficacy of

the reduced material compared to the as-prepared/oxidized Ce0.9Ni0.1O2−δ. Further, DFT

calculations were carried out to probe the surface active sites, and to understand the molecular

mechanism of NO reduction over the oxidized and reduced set of materials. The experimentally

proved ionic substitution of Ni2+ in the fluorite structure of CeO2 must result in changes in its

surrounding metal-oxygen bond lengths. Initial bond lengths between Ce and lattice oxygen were

calculated to be ∼2.34 Å, which after Ni2+ substitution changed to a broad range of 1.85-3.8 Å.

DFT calculated NO bond length was 1.17 Å, which were in agreement with previous reports

[128]

Surface adsorption of reactants is the first step of any heterogeneously catalyzed reaction. Hence,

we studied the adsorption of NO and H2 over the catalytic surface, as detailed in the text to

follow. Two categories of adsorption configurations of NO over Ce0.9Ni0.1O2−δ were identified

viz., NO2-like and NO-like. Optimized structures of different configurations hence obtained

are shown in Figure 3.10(a)-(h). NO was observed to be adsorbed over the lattice oxygen at

a distance of ∼3.8 Å from Ni forming NO2-like species (NO2-1, Figure 3.10(a)). The bond

length of NO increased to 1.23 Å indicating the activation of NO on surface adsorption. The

corresponding adsorption energy was -1.39 eV. In another configuration of NO2-like species

(NO2-2, Figure 3.10(b)), NO interacted with the subsurface lattice oxygen, and O of NO occupied

Figure 3.10: Adsorption configurations of NO over Ce0.9Ni0.1O2−δ: (a) NO2-1, (b) NO2-2, (c)
NO2-3, (d) NiNO-1, (e) NiNO-2, (f) Ce-bi-NO, (g) Ce-mono-NO, and (h) NOv
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the oxygen vacancy. The adsorption energy of this configuration was -0.99 eV making it 0.4 eV is

less stable than the previous NO2-1 configuration. NO2-3 configuration (Figure 3.10(c)) had an

adsorption energy of only -0.73 eV. An interesting observation from these NO2-like configurations

were that adsorption energy decreased as the atomic distance between lattice oxygen and Ni

decreased. The order of stability in these NO adsorption configurations was NO2-1 (Ni-O=3.93

Å)>NO2-2 (Ni-O=2.91 Å)>NO2-3 (Ni-O=1.9 Å). All of these NO2-like species had similar N-O

bond lengths.

In the second type of adsorption configuration, i.e. NO-type, NO adsorbed over Ce, Ni, and

oxygen vacancy with monodentate and bidentate configurations (Figure 3.10(d)-(h)). NO

adsorbed over Ni (NiNO-1, Figure 3.10(d)) with O of NO near the oxygen vacancy. The

corresponding adsorption energy was -0.76 eV. The NO2-2 configuration was similar to NiNO-1

configuration except that the distance between lattice oxygen (subsurface) to NO molecule

was larger in the case of NiNO-1. Another adsorption configuration of NO on Ni (NiNO-2,

Figure 3.10(e)) had a very small adsorption energy of -0.38 eV. This showed that adsorption over

Ni and interaction with either lattice oxygen or oxygen vacancy resulted in higher interaction of

NO with the catalyst surface.

Adsorption of NO over Ce exhibited both bidentate and monodentate configurations (Fig-

ure 3.10(f)-(g)). Bidentate adsorption (Ce-bi-NO) energy (-0.41 eV) was larger than the

monodentate adsorption (Ce-mono-NO) energy (-0.25 eV) which further confirmed the contribu-

tions of surface environment to the stability of species. The least stable adsorption configuration

(adsorption energy = 0.13 eV) was observed with NO when O of NO interacted with only the

oxygen vacancy (NOv, Figure 3.10(h)). Hence, it is concluded from the adsorption energetics

that NO over Ce0.9Ni0.1O2−δ favored the formation of NO2-like species with the involvement of

lattice oxygen sites (configurations NO2-1; see Figure 3.10(a)). Therefore, in this first step of

NO adsorption, the Ni and oxygen vacancy sites did not play the primary role as active sites.

For the reduction of NO with H2, the stoichiometry dictates the involvement of one more NO

molecule. For the inclusion of the second NO, we chose NO2-1 configuration because it had

the highest adsorption energy among all single NO molecule adsorption configurations over

Ce0.9Ni0.1O2−δ. In this step, we found four different adsorption configurations of the second NO

over NO-Ce0.9Ni0.1O2−δ, as shown in Figure 3.11(a)-(d). NO at this stage was also adsorbed

over lattice oxygen and oxygen vacancy. In the first adsorption configuration, oxygen vacancy

was occupied by N of NO with its oxygen interacting with Ce (2NOv1) resulting in an adsorption
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energy of -0.56 eV. Depending on the interaction of the second NO with Ce, two adsorption

configurations were identified viz., 2NOv2 (Figure 3.11(b)) in which N of NO interacted with

Ce,and 2NOv3 (Figure 3.11(c)) in which N of NO was directed away from Ce. The adsorption

energies for the two configurations were -0.37 eV and -0.2 eV, respectively. Therefore, it can be

concluded that the oxygen vacancy occupied by O of the second NO molecule resulted in lesser

adsorption energy. Similar to the first NO adsorption, the second NO adsorption with 2NONO2

configuration (Figure 3.11(d)) showed an adsorption energy of -0.44 eV. The bond length of

NO was 1.19 Å. Hence, on comparison of adsorption energetics of the second NO molecule, it

can be concluded that the NO molecule occupied the oxygen vacancy site as the most stable

configuration, and therefore oxygen vacancy is one key active species in the second step of NO

adsorption. Comparative energetics of various adsorptions are shown in Figure 3.12.

Figure 3.11: Adsorption configurations of second NO molecule over NO-Ce1−xNixO2−δ: (a)
2NOv1, (b) 2NOv2, (c) 2NOv3, and (d) 2NONO2

Figure 3.12: Adsorption energetics for NO over Ce1−xNixO2−δ (a) adsorption of first NO (b)
adsorption of second NO
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Molecular hydrogen adsorption was tested over Ce0.9Ni0.1O2−δ and no stable configuration was

obtained. Atomic hydrogen adsorption over the surface formed surface hydroxyl species, which

was the most stable when H coordinated with the lattice oxygen in the vicinity of Ni. The

adsorption energy for this system was obtained as -0.9 eV. The optimized structure for the

surface hydroxyl formed as a result of dissociative adsorption of H2 over the surface is shown in

Figure 3.13. It must be noted that the reduced Ce0.9Ni0.1O2−δ did exhibit additional surface

hydroxyl species (Oβ). Therefore, we may conclude that the surface hydroxyl species may act as

an active site in the NO reduction reaction.

Figure 3.13: Adsorption configuration of surface hydroxyl over Ce1−xNixO2−δ formed by
dissociative adsorption of H2

The above molecular mechanistic discussion concludes that the lattice oxygen, oxygen vacancy,

and surface hydroxyl species played a crucial role in NO activation, whereas the mixed valences

of Ni or Ce sites were not instrumental for the catalytic efficacy. The reduced Ce0.9Ni0.1O2−δ

with a higher concentration of oxygen vacancies and surface hydroxyl species, therefore could

demonstrate better NO activation vis à vis reduction ability compared to the oxidized material.

Furthermore, to assess whether N-O bond dissociation takes place during the reaction, we

executed two NEB calculations to locate the transition states corresponding to two proposed

pathways. The pathways included oxygen vacancy filling by O of NO and the formation of surface

N2O species from dual NO adsorption. In these calculations, NO2-1 and 2NOv1 configurations

were used because they were the energetically best adsorption configurations and also showed

NO activation. Upon NO dissociation with NO2-1 configuration, oxygen vacancy was transferred

from one site to the other by forming a new NO molecule with the lattice oxygen. The barrier

required for this step was 1.29 eV. When 2NOv1 was the initiating surface species, surface

cis-ONNO type species was formed [129]. The reaction barrier for this step was only 0.88 eV.

The comparative energetics along with optimized structures are shown in Figure 3.14. The

analysis indicates that N-O bond dissociation took place during the reaction giving a surface

N2O species. We used these insights from DFT to develop mechanistic model of the reaction, as

detailed in the following section.
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Figure 3.14: Comparison of energetics and the associated barriers for the formation of surface
N2O species

The generalized mechanism for NOx reduction over Ce0.9Ni0.1O2−δ is proposed based on the

DFT and XPS studies. As a first step, gas phase NO molecules adsorb reversibly on lattice

oxygen (OL) and it was found to be the more stable and favorable site for adsorption as shown

in Figures 3.10 and 3.12(a). The adsorbed species is indicated as OLNO which corresponds to

the adsorption configuration of NO2-1 shown in Figure 3.10(a).

NO (g) + OL

k1
⇄
k−1

OLNO︸ ︷︷ ︸
NO2−1

(3.6)

The DFT simulations clearly showed another stable NO adsorption configuration over lattice

vacancies with N being occupied in the lattice vacancy.

NO (g) +□
k2
⇄
k−2

NLO (3.7)

The two molecule adsorption configurations investigated using theoretical studies combining

OLNO and NLO (indicated as 2NOv1) were found to be stable as shown in Figures 3.11 and 3.12(b).

The two molecule 2NOv1 configuration was able to generate a transition state cis-(ONNO) type

species, where one of the oxygen was lattice oxygen and it is indicated as N2O – OL species for

the convenience of writing elementary steps.
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OLNO+NLO︸ ︷︷ ︸
2NOv1

k3
⇄
k−3

N2O−OL︸ ︷︷ ︸
cis−[OLNNO]

+OL (3.8)

The dissociative adsorption of gas phase hydrogen is another favorable elementary step that

takes place on surface Ni sites.

4

(
1

2
H2 + ∗

k4
⇄
k−4

H∗

)
(3.9)

Chemisorbed H reacts with lattice oxygen (OL) and generates hydroxyl groups associated with

lattice oxygen (HOL). The corresponding oxygen associated with hydroxyl groups (Oα and Oβ)

was found from O 1s spectra shown in Figure 3.3(c). Further, the adsorption configuration of

HOL groups was also confirmed using DFT studies as shown in Figure 3.13. Thus, the elementary

step associated with hydroxyl groups was considered in the mechanism with the insight of XPS

and DFT simulations.

4

(
H ∗+OL

k5
⇄
k−5

HOL + ∗

)
(3.10)

The stable intermediate N2O – OL reacts with HOL group to generate N2 and H2O by leaving

the lattice oxygen sites vacant. From the light-off curves shown in Figure 3.5(a) and (b), the

reduced Ce0.9Ni0.1O2−δ showed higher catalytic activity with 100% conversion at 240 oC, whereas

as-prepared Ce0.9Ni0.1O2−δ showed merely 70% at the same temperature. It clearly indicates

that the presence of lattice oxygen vacancies enhances the overall conversion of NO reduction.

The DFT studies indicated that N2O attached to lattice oxygen (cis-(ONNO) or N2O – OL) as a

transient state and surface chemical reaction was prominent with stable HOL intermediate [129].

Thus, the surface chemical reaction of N2O–OL with HOL is considered as a rate-limiting step.

The role of lattice oxygen has also been investigated in our previous studies [65, 103, 130, 131].

N2O−OL + 2HOL
k6−→ N2 (g) + H2O (g) + 3OL (3.11)

Further, OL reacts with HOL and generates water by creating lattice oxygen vacancy.

OL + 2HOL
k7−→ H2O (g) + 2OL +□ (3.12)
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The overall reaction after combining elementary steps (3.6) to (3.12) is,

2 NO (g) + 2H2 (g) → 1

2
N2 (g) + H2O (g) (3.13)

By applying partial equilibrium for the reaction steps (3.6) to (3.8), the lattice coverages of

intermediate species NLO, OLNO and N2O-OL (θNLO,θOLN , and θN2OOL
) are obtained as follows:

θOLNO
= K1PNOθOL

θNLO = K2PNOθL

θN2OOL
= K1 K2 K3P

2
NOθL

The surface Ni sites facilitates H2 dissociation and the surface coverage of H (θH) is: θH = K4P
1/2
H2

θv

Here, θv is the coverage of vacant surface sites. As there are no surface groups other than

adsorbed H, thus the surface site balance can be written as:

θH + θv = 1

Then,

θH =
K4P

1/2
H2

1 + K4P
1/2
H2

The partial equilibrium existing in the step (3.10) is:

K5θHθOL
= θHOL

θv

θHOL
= K4 K5P

1/2
H2

θOL

Here, θOL
and θHOL

are the coverages of lattice oxygen (OL) and HOL species. By applying

pseudo-steady state equilibrium for elementary steps (3.11) and (3.12), the variation in the

coverage of lattice oxygen over time can be written as follows:

dθOL

dt
= 0 =

k6
3
θN2OOL

θ2HOL
− k7θOL

θ2HOL
+

k7
2
θOL

θ2HOL

θOL
=

2k6
3k7

K1 K2 K3P
2
NOθL

Here, θL is the coverage of lattice oxygen vacancy. As all the lattice coverage expressions are

derived, the vacant lattice coverage (θL) can be obtained by the lattice site balance given below:
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θOLNO + θNOL
+ θN2OOL

+ θHOL
+ θOL

+ θL = 1

θL =
1(

1 + K2PNO +K1 K2 K3P2
NO

(
1 + 2k6

3k7
+K4 K5

2k6
3k7

P
1/2
H2

)
+K2

1 K2 K3
2k6
3k7

P3
NO

)
By considering elementary step (3.11) as rate-limiting step, the reaction rate is written as:

Rate, R = k6θN2OOL
θ2HOL

R =
(K1 K2 K3k6)

3 (2 K4 K5/3k7)
2 P6

NOPH2(
1 + K2PNO +K1 K2 K3P2

NO

(
1 + 2k6

3k7
+K4 K5

2k6
3k7

P
1/2
H2

)
+K2

1 K2 K3
2k6
3k7

P3
NO

)3
As it is a complex nonlinear equation, rewriting in the reciprocal terms would make it easier to

perform non-linear regression to kind the kinetic parameters. At constant partial pressure of H2,

the overall reaction rate expression can be reduced as:

1

R1/3
=

(
A

P2
NO

+
B

PNO
+ 1

)
C+DPNO

Here,

A =

(
1.31

K1 K2 K3k6P
1/3
H2

)(
k7

K4 K5

)2/3

B =

(
1.31

K1 K3k6P
1/3
H2

)(
2k7
K4 K5

)2/3

C =

(
1.31

k6P
1/3
H2

)(
2k7
K4 K5

)2/3 {
1 +

2k6
3k7

+K4 K5
2k6
3k7

P
1/2
H2

}

D =
0.7631 K1

(k7PH2)
1/3 ( K4 K5)

2/3

From the theoretical insights, the utilization of lattice oxygen was found to be prominent.

Thus, the corresponding rate constant (k7) would also be prominent and possess a high order

of magnitude. The last two terms contain k7 in the denominator and it can be a reasonable

assumption to neglect the contribution compared to the first term. Then, the expression for C

will be:
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C ≈

(
1

k6P
1/3
H2

)(
2k7
K4 K5

)2/3

Arrhenius’s theory was considered for expressing rate constant, whereas the mathematical form

of equilibrium constant was expressed by transition state theory, as the elementary steps contain

various intermediates. The generalized notations for rate and equilibrium constants are as

follows:

ki = ki0 exp

(
−Ei

RT

)
Kj = Kj0 Texp

(
Hj

RT

)

ki0 and Kj0 are pre-exponential factors of irreversible and equilibrium elementary steps (i=(3.11)

and (3.12); j=(3.6) to (3.10)), Ei and Hj are the activation energy of ith reaction step and

enthalpy of jth reaction step. The modified A, B, C, and D parameters are:

A =

(
1.31

K10K20K30k60T3P
1/3
H2

)(
k70

K40K50T2

)2/3

exp

(
−H1 −H2 −H3 + E6 − 2

3 (H4 +H5 − E7)

RT

)

=
KA0C

T3
exp

(
−HA

RT

)

B =

(
1.31

K10 K30k60 T2P
1/3
H2

)(
k70

K40 K50 T2

)2/3

exp

(
−H1 −H3 + E6 − 2/3 (H4 +H5 − E7)

RT

)
=

KB0C

T2
exp

(
−HB

RT

)

C ≈
(
1.31

k60

)(
k70

K40 K50 T2P
1/3
H2

)2/3

exp

(
E6 − 2/3 (H4 +H5 − E7)

RT

)
≈ KC0

P
1/3
H2

T4/3
exp

(
HC

RT

)

D =
0.7631 K10

(k70PH2)
1/3 ( K40 K50 T2

)2/3 exp

(
H1 + E1 − 2/3 (H4 +H5)

RT

)
=

KD0

P
1/3
H2

T4/3
exp

(
HD

RT

)

Thus, the final rate expression is modified as follows:
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1

R1/3
=

KA0 exp
(
−HA
RT

)
T3

1

P2
NO

+
KB0 exp

(
−HB
RT

)
T2

1

PNO
+ 1

 KC0 exp
(
HC
RT

)
P
1/3
H2

T4/3

+
KD0 exp

(
HD
RT

)
P
1/3
H2

T4/3
PNO

A Levenberg–Marquardt algorithm was implemented for the nonlinear regression of the tempera-

ture -dependent rate expression. The kinetic parameters were estimated for the data of 1
R1/3 vs

103

PNO
vs at a constant partial pressure of H2 (PH2=506.17 Pa), the rate (R) and partial pressure

of NO (PNO) are considered in mmol(gcatal-min)−1 and Pa. Figure 3.15 (a) and (b) shows the

nonlinear regression fit for as-prepared and reduced Ce0.9Ni0.1O2−δ catalysts. The goodness of

Figure 3.15: Reaction rate variation with respect to partial pressure of NO in terms of 1
R1/3

vs 103

PNO
plot at a constant partial pressure of H2 (PH2=506.17 Pa) for (a) as-prepared and (b)

reduced Ce0.9Ni0.1O2−δ catalysts

the fit was found to be 0.964 and 0.952 for both as-prepared and reduced Ce0.9Ni0.1O2−δ cat-

alysts. Interestingly, KC0 parameter containing the rate-limiting step term was found to be

2.149±0.012)×10−2 for reduced Ce1−xNixO2−δ, and 3154±82 for as-prepared Ce0.9Ni0.1O2−δ.

This indicates the contribution of rate-limiting step due to the elementary step (3.11) is promi-

nent for reduced Ce0.9Ni0.1O2−δ (as it contains k60 parameter in reciprocal term) than that of

as-prepared material. The combined kinetic parameters are listed in Table 3.2. The developed

kinetic model validates the experimental rates for both as-prepared and reduced. The parity

plot shown in Figure 3.16 has the experimental and predicted rates corresponding to both as

prepared and reduced Ce0.9Ni0.1O2−δ catalysts. The goodness of the fit for the parity plot was
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obtained as 0.963, which further confirms the validity of the generalized reaction rate expression.

Figure 3.16: Parity plot to compare model-predicted and experimental reaction rates

Table 3.2: Kinetic parameters for as-prepared and reduced Ce0.9Ni0.1O2−δ

Parameters As-prepared Ce0.9Ni0.1O2−δ Reduced Ce0.9Ni0.1O2−δ

KA0 (1.197± 0.034)× 1014 (4.114± 0.034)× 1013

KB0 26747± 145 (1.112± 0.019)× 106

KC0 3154± 82 (2.149± 0.012)× 10−2

KD0 (2.668± 0.162)× 10−19 (8.189± 0.121)× 10−19

HA/R 9727± 281 925.9± 15.6

HB/R 18656± 1505 9382± 372

HC/R 483± 22 52.91± 2.21

HD/R 26851± 1248 17772± 761

R2 0.964 0.952

3.6 Conclusion

Solid solutions of nanocrystalline Ce1−xNixO2−δ (x = 0.05, 0.1, and 0.2) were synthesized

by a single step solution combustion synthesis method. Ce0.95Ni0.05O2−δ and Ce0.9Ni0.1O2−δ

crystallized in a pure face-centered cubic fluorite structure with a perfect substitution of Ni in
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Ce sites, whereas Ce0.9Ni0.1O2−δ exhibited precipitation of NiO phase due to the high amount of

doping. The substituted Ni was in its bivalent ionic state and Ce was observed in a tetravalent

state. The aliovalent doping created oxygen vacancies that were clearly evident from the XPS

studies. Upon reduction at elevated temperatures, the core level O 1s spectra showed the

formation of a higher amount of oxygen vacancy and newer surface hydroxyl species. The NO

reduction over the as-prepared and reduced Ce1−xNixO2−δ apparently showed the importance

of oxygen vacancies and surface hydroxyl species as active sites in the molecular mechanism.

The periodic DFT calculations on NO and H2 adsorption on (111) plane of CeO2 corroborated

the role of active sites as observed experimentally. The minimum energy path during the

surface reactions was further calculated and based on the proposition a generalized kinetic model

of NO reduction by H2 was developed over Ce1−xNixO2−δ materials. The kinetic modeling

identified the rate-limiting step of the NO reduction reaction. The investigation stands as a

comprehensive study of identifying the active sites and understanding the molecular mechanism

of NOx reduction over supported metal catalysts.



Chapter 4

Rags to Riches: Meliorating the

Electrocatalytic Reduction of Nitrate

to Ammonia over Cu-based

Nano-alloys

4.1 Introduction

In spite of multiple investigations probing the NOxRR mechanism, activity, and selectivity

[52, 132–134] there is a significant scope to improve the sluggish kinetics and poor selectivity

of this complex reaction process that involves eight electron and nine proton transfers [135].

Platinum group metals were measured to have NOx reduction reaction (NOxRR) activities

of Rh>Ru>Ir>Pd≈Pt in acidic conditions at potentials ranging from 0 to 0.4 V vs RHE

[132]. The transition metals are typically less active than precious metals, with the exception

of Cu [136]. Electrocatalysis is a surface phenomenon, the high dispersion of the nano-sized

transition metal active sites over conductive support can transform the transition metals into

highly active catalysts. In this regard, one of the most popular approaches is to develop MOF

derived nanocatalysts through high temperature pyrolysis process, where the uniform distribution

of metals can be fabricated onto carbon support [137–139]. These materials showcased high

dispersity of metals, modification of electronic structure by doping of heteroatoms, and stability

owing to the metal-carbon interaction [140, 141].

57
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Recently, Cu-based materials have been reported to be very active electrocatalysts for NOxRR due

to their suitable electronic structure and also have superiority over noble metals in terms of cost

and abundance [142]. Still, the reports in the present literature highlight the thermodynamically

favorable, however unselective HER as a primary challenge of NOxRR over the pristine Cu-based

catalysts. Therefore, to tackle the particular problem of HER and enhance the selectivity of the

desired product ammonia, the catalysts should be designed meticulously [143]. Contextually, the

bimetallic nano-alloy catalysts have shown exceptional electrocatalytic performances in NOxRR

[58, 144–146], CO2RR [147], overall water splitting [148], electrochemical energy storage [149],

OER [150], and as microbial fuel cell [151]. Introduction of another metal into the Cu lattice

helps in better catalytic activity apparently due to the shift in the d -band center [152]. The

d -band engineering facilitates the tailoring of the Fermi level position, which is correlated with

the binding energies of the catalyst and the adsorbed intermediates [153].

Therefore, herein we report the synthesis of carbon-supported Cu-based nano-alloys, such as

Cu0.85Ni0.15/C and Cu0.85Zn0.15/C from the corresponding bimetallic MOFs and their exploration

for NOxRR at neutral pH. The fundamental idea is to arrest the HER, enhancing the NH3

selectivity by tuning the d -bands near the Fermi level position to invoke a better NOxRR catalysis.

The study probes the detailed kinetics of NOxRR over the nano-alloys of Cu0.85Ni0.15/C and

Cu0.85Zn0.15/C in comparison to the pristine Cu/C and correlates the catalytic activity with the

electronic structure derived from the first principle calculations.

4.2 Materials and Methods

4.2.1 Synthesis of Catalysts

For the synthesis of MOF materials, the metal precursors used were Cu(NO3)2.3H2O, Ni(NO3)2

.3H2O, and Zn(NO3)2.6H2O from S D Fine Chem. Ltd. (India), while the organic linker 1,3,5-

benzene tricarboxylic acid (BTC) was purchased from Sigma-Aldrich. The solvents used for the

synthesis were: N, N-dimethylformamide (DMF), isopropanol (IPA), and ethanol (EtOH) from S

D Fine Chem. Ltd. (India). Nafion solution (Sigma-Aldrich) with the composition of 5 wt.% in

a mixture of alcohol and water (containing 45% water) was used as a binder for the working elec-

trode. Potassium dihydrogen orthophosphate (KH2PO4) obtained from SRL Pvt. Ltd. was used

as electrolyte and potassium nitrate (KNO3) from Sigma-Aldrich was used as the nitrate source.

The products were analyzed using the following chemicals: sodium hydroxide (NaOH) (SRL Pvt.
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Ltd.), salicylic acid (C7H6O3) (S D Fine CHEM Ltd.), sodium citrate (Na3C6H5O7.2H2O) (S

D Fine Chem Ltd.), sodium hypochlorite pentahydrate (NaClO.5H2O) (TCI), sodium nitro-

ferricyanide (C5FeN6Na2O) (S D Fine Ltd.), N-(1-Naphthyl)ethylenediamine dihydrochloride

(C12H14N2.2HCl) (Sigma-Aldrich), sulfanilamide (H2NC6H4SO2NH2) (Sigma-Aldrich), sulfamic

acid (NH2SO3H), HCl (37%) (Merck), p-(dimethylamino)benzaldehyde (CH3)2NC6H4CHO)

(Sigma-Aldrich), and phosphoric acid (H3PO4) (Sigma-Aldrich). The chemicals in the exper-

iments were used without any further purification. The required solutions were made with

ultrapure water (18.2 MΩ cm, Millipore Milli-Q).

Solvothermal method was implemented in the synthesis of mono-metallic and bimetallic MOFs.

In a typical synthesis of Cu-BTC, 4.2 mmol of Cu(NO3)2.3H2O and 4.8 mmol of BTC were

mixed in the 30 mL solution containing ultrapure water, EtOH and DMF in the ratio 1:1:1

and was stirred for 1 h. The blue-colored solution was transferred into 50 mL Teflon-lined

stainless steel autoclave and the autoclave was then kept in a preheated oven at 120 oC for 24

h. The resultant product was filtered and washed with DMF and water several times. The

blue-coloured filtrate was then kept in a vacuum oven at 80 oC to dry overnight. The bimetallic

MOFs, Cu0.85Ni0.15-BTC, and Cu0.85Zn0.15-BTC MOF were synthesized in a similar manner

with Ni(NO3)2.6H2O as Ni precursor and Zn(NO3)2.6H2O as Zn precursor according to their

molar ratios. As per the previous report [138], only 15% of Ni and Zn could be incorporated

into the pristine Cu-BTC. The as-prepared monometallic and bimetallic MOFs were converted

into the nano-catalysts of Cu/C, Cu0.85Ni0.15/C and Cu0.85Zn0.15/C by heating the precursor

MOFs at 500 oC in a reducing atmosphere, wherein 10% H2 balanced by He was continuously

passed through the sample in a tubular furnace at a heating rate of 10 oC min−1 for 3 h.

4.2.2 Characterizations

To affirm the as-prepared MOFs and MOF-derived nano-catalysts’ structural information, XRD

pattern was recorded using Rigaku Ultima IV diffractometer with Cu Kα radiation (λ=1.5418

Å) at a scan rate of 0.4o min−1 and with a step size of 0.01o. Using Scherrer’s formula the

average crystallite diameters were calculated for the nano-catalysts. The structural information

of the nano-catalysts was further elucidated by using HR-TEM carried out using JEM 2100 with

an operating voltage of 200 kV and a resolution of 2.4 Å. The morphology of the as-prepared

samples was observed through FE-SEM using FEI-Apreo S. To study in detail about the surface

chemical species of the prepared samples, XPS were procured with Thermo Scientific Multilab
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2000 with Al Kα radiation (1486.6 eV) operated at 15 kV. The XPS was plotted with respect to

the C 1s with the binding energy of 284.8 eV.

The electrochemical measurements were carried out using OrigaFlex-OGF500 potentiostat at

room temperature unless specified. The experiments were carried out in an air-tight single-

compartment cell using three electrode system with the nano-catalyst drop casted on a glassy

carbon electrode as the working electrode, Ag/AgCl (sat. KCl) as the reference electrode and Pt

wire as the counter electrode. About 5 mg of the as-prepared nano-catalysts were dispersed into

the mixture containing 0.5 mL IPA and 50 µL Nafion and was ultra-sonicated for 2 h. 10 µL of

the catalyst solution was then drop casted onto the glassy carbon electrode. All three electrodes

were dipped in solution containing 0.1M PBS and 1000 ppm KNO3 and the pH of the electrolyte

was maintained at 7. Prior to the start of the electrochemical tests, the electrolyte was purged

with Ar gas to remove the N2 and O2 from the cell for 15 min. Linear Scan Voltammetry (LSV)

was obtained in the range of 0.6 to -1.4 V at different scan rates of 30 to 90 mVs−1 to assess the

catalytic activity for nitrate reduction. The electrochemical nitrate reduction of the catalysts was

tested in the chronoamperometric mode for 2 h. The experiments were conducted with Ag/AgCl

(sat. KCl) as reference electrode and potentials were converted to reversible hydrogen electrode

(RHE) scale using the formula: EAg/AgCl + (0.0591 × pH) + 0.197V. Electrical impedance

spectra (EIS) measurements were carried out using a Biologic SP-150 CV instrument by applying

AC voltage in the frequency range from 0.01 Hz to 100 kHz. To examine the ECSA of the

catalysts were evaluated by chronoamperometry fast method.

The products were quantified using Jasco-V650 UV spectrophotometer. The concentration of

NH3 after the reaction was determined by colorimetry with the help of the indophenol method.

About 1M NaOH, 5 wt.% sodium citrate, and 5 wt.% salicylic acid were added to 2 mL of diluted

electrolyte. After which 1 mL of 0.05M sodium hypochlorite and 0.2 mL of 1 wt.% sodium

nitroferricynide were added to the previous solution and the mixture was kept for 2 h at room

temperature before measuring the absorbance at a wavelength of 660 nm. The calibration graph

was plotted from different concentrations of NH4Cl as the ammonia source. The nitrite (NO−
2 )

concentration was estimated by the Griess test. The reagent was prepared by adding 0.2 g

N-(1-Naphthyl)ethylenediamine dihydrochloride, 4 g of sulfanilamide, 10 mL of phosphoric acid,

and 50 mL of DI water. About 0.1 mL of the prepared reagent was added into the 5 mL of the

dilute electrolyte solution and was kept still for 30 min at room temperature before measuring

the absorbance at a wavelength of 540 nm. The calibration plot was prepared by using different

concentrations of KNO2 as the NO−
2 source. The presence of N2H4 in the electrolyte was also
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tested by using Watt and Chrisp’s method. The chromogenic reagent was prepared using 5.99 g

of p-(dimethylamino)benzaldehyde, 30 mL of concentrated HCl, and 300 mL of CH3OH. The

calibration plot was plotted using different concentrations of hydrazine hydrate solution. The

gaseous product H2 was measured using a portable Gas Chromatograph from Mayura Analytical

Private Limited, India.

The performance of the catalysts was evaluated by the Faradaic efficiency of ammonia (FENH3)

and nitrite (FENO−
2
), Yield rate of ammonia (YNH3) and nitrite (YNO−

2
), Conversion rate of

nitrate (CNO−
3
), Selectivity of ammonia (SNH3), Energy efficiency of ammonia (EENH3), which

were calculated using the equations given below:

FENH3(%) =
8× F× CNH3 ×V

17×Q
× 100% (4.1)

FENO−
2
(%) =

2× F2CNO−
2
×V

46×Q
× 100% (4.2)

YNH3 =
CNH3×V

A× t
(4.3)

YNO−
2
=

CNO−
2 ×V

A× t
(4.4)

CNO−
3
(%) =

(
1−

Ct(NO−
3 )

C0(NO−
3 )

)
× 100% (4.5)

SNH3(%) =
nt (NH3)

n0
(
NO−

3

)
− nt

(
NO−

3

) × 100% (4.6)

EENH3(%) =

(
1.23− Eo

NH3

)
FENH3

1.23
× 100% (4.7)

Here, CNH3 is the concentration of ammonia (ppm), CNO−
2
is the concentration of nitrite (ppm),

V is the volume of electrolyte (mL), Q is the total charge passed through the electrode (C), F is

the Faraday constant (96,485 C mol−1), A is the geometric area of the working electrode (cm2),

t is the electrolysis time (h), nt(NH−
3 ) is the mole concentration of the ammonia formed at time

t, n0(NO
−
3 ) and nt(NO

−
3 ) are the molar concentration of nitrate at the initiation of the reaction

and at time t, respectively. Eo
NH3

is the equilibrium potential of nitrate to ammonia (0.69 V).

The kinetics of the electrochemical reactions were evaluated with the help of Tafel slopes, rate

constants, and the activation energy. LSV curves acquired at different scan rates were used to

inspect the reaction mechanism based on the relationship between the peak current density and
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the scan rate. The activation energy was found from cyclic voltammetry curves at 50 mV s−1

scan rate at different temperatures from room temperature to 105 oC with an interval of 20 oC.

The DFT based first-principle calculations were performed in Atomixtix Tool Kit (ATK) and Vir-

tual Nano Lab (VNL), commercially available simulation packages from Synopsys QuantumWise.

The DFT calculations were performed using the linear combination of atomic orbitals (LCAO)

basis sets, where k points in the Brillouin zone were sampled using the 8×8×1 Monkhorst-Pack

grid with a density mesh cut-off energy of 100 Hartree. Initially, the pristine Cu was considered

from the materials library of ATK, and a (111) surface was constructed from the bulk Cu in a

bilayer configuration. The (111) surface of Cu was considered in (3×1×1) supercell configuration

having 6 Cu atoms on its surface and with a vacuum of 40 Å in the out-of-plane direction

to eliminate the interaction of periodic images on the cleaved surface. The (111) surface of

Cu was relaxed for minimum energy and minimum force per atom configuration through the

geometry optimization technique using the Limited-memory Broyden Fletcher Goldfarb Shanno

(LBFGS) algorithm with the pressure and force tolerance of 0.0001 eVÅ−3 and 0.01 eVÅ−1, re-

spectively. During geometry optimization, the GGA method with the PBE exchange-correlation

functional was considered for DFT calculation. Next, one Cu atom on the supercell surface

was consecutively substituted with Ni and Zn atoms to obtain Ni-doped and Zn-doped Cu

surfaces with a composition of Cu0.85Ni0.15 and Cu0.85Zn0.15. The doped surfaces were then

relaxed following the procedure described before. In the next phase, following the reaction

pathway of NH3 generation, the different intermediate species (NO3, NO2, NO, NH2OH, and

NH3) were introduced on the pristine and doped surfaces with different molecular orientations.

The individual adsorbed/adsorbent systems were then relaxed following a similar process. During

the optimization, Grimme DFT-D3 dispersion correction was incorporated with the GGA-PBE

method to account for the effects of the Van der Waals (VdW) interactions between the adsorbed

and adsorbent. Moreover, the counterpoise (CP) correction was also considered to address the

inherent Basis Set Superposition Error (BSSE) for two or more subsystems for the LCAO basis.

The strength of molecular adsorption of different species on different surfaces was quantified

from the adsorption energy (EAdsorption), which is defined as follows:

EAdsorption = ESurface Adsorbed − ESurface (4.8)

where, Esurface and ESurface Adsorped are the ground state energies of the pristine/doped surfaces

before and after adsorption, respectively. It is apparent that for stable adsorption, EAdsorption<0
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must be observed, whereas for good electrochemical activity, a moderate EAdsorption value should

be expected.

4.3 Results and Discussion

4.3.1 Structural, Surface and Electronic Properties

The powder XRD patterns and the corresponding FE-SEM micrographs of the as-prepared

monometallic MOF Cu-BTC and the bimetallic MOFs Cu0.85Ni0.15-BTC andCu0.85Zn0.15-BTC

are provided in Figure 4.1. The diffractograms inferred a face-centered cubic structure of the

synthesized MOFs, and the incorporation of Ni and Zn into the Cu- BTC MOF resulted in a

clear formation of a solid solution framework. The MOF particles had an octahedral morphology

Figure 4.1: The powder (a) XRD patterns (b-d) the corresponding FE-SEM micrographs of
the as-prepared monometallic MOF Cu-BTC, and the bimetallic MOFs Cu0.85Ni0.15-BTC and

Cu0.85Zn0.15-BTC, and (e,f) XRD patterns of Zn-BTC, and Ni-BTC

with an average size of 16-21 µm. The high temperature pyrolysis of the corresponding MOFs

resulted in the monometallic and the bimetallic carbon-supported nano- alloy catalysts. Cu/C,

Cu0.85Ni0.15/C and Cu0.85Zn0.15/C crystallized in phase pure face-centered cubic structure with

the space group Fm3m (JCPDS No.:04- 0836) as can be observed in Figure 4.2(a), (d), and (g).
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Figure 4.2: The powder XRD patterns and the corresponding FE-SEM micrographs of the
as-prepared (a-c) Cu/C, (d-f) Cu0.85Ni0.15/C, and (g-i) Cu0.85Zn0.15/C

The diffraction peak corresponding to the support carbon was mostly obscured in all three

patterns. The average crystallite size for all three nano-catalysts found from the (111) plane was

in the range of 26-35 nm. Among the three materials, Cu/C exhibited the formation of crystalline

CuO at 2θ=35.5o (002) and 2θ=38.7o (111). The FE-SEM micrographs of the monometallic

and the bimetallic nano-alloy catalysts in Figure 4.2(b), (e), and (h) indicate the formation of

irregularly shaped nanoparticles. The interplanar distances of d111 calculated from the HR-TEM

micrographs of Figure 4.2(c), (f), and (i) matched well with the XRD patterns. The metals

were observed to be distributed in a highly dispersed manner over the carbonaceous support

(Figure 4.3). To unveil the structural information of the support carbon, Raman spectra were

collected and the data are plotted in Figure 4.4. Apparently, the two distinct broad peaks of

defect mediated D band and ordered graphitic G band were observed over all three nano- alloys.

The D band is ascribed as defect activated band, which originates from the lattice mismatch of

the graphite layers, whereas the G band is associated with a graphite-derived spectrum of E2g

mode of sp2 carbon atoms in a hexagonal lattice, justifying the presence of crystalline graphitic

carbon. The relative intensity ratio of the D and G band (ID/IG) was found to be highest in the

case of Cu0.85Zn0.15/C, followed by Cu0.85Ni0.15/C, whereas the monometallic Cu/C exhibited
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the lowest ID/IG ratio. The data suggest that Cu0.85Zn0.15/C possesses the highest concentration

of defect carbon among the three catalysts. To compare the electrocatalytic activity and evaluate

the performances pristine Zn-BTC and Ni-BTC MOFs were also synthesized and then reduced

to monometallic alloys of Zn/C and Ni/C respectively.

Figure 4.3: FE-SEM EDAX Mapping of (a) Cu/C, (b) Cu0.85Ni0.15/C, and (c) Cu0.85Zn0.15/C

Figure 4.4: Raman Spectra of (a) Cu/C, (b) Cu0.85Ni0.15/C, and (c) Cu0.85Zn0.15/C

The chemical composition and the elemental oxidation states of the MOF-derived nano-catalysts

were studied in detail using XPS. The C 1s core level spectra in Figure 4.5(a) show four

deconvoluted peaks. The peak at 284.6 eV can be assigned to the sp2 hybridized carbon, whereas

peaks at 285.3 eV correspond to the sp3 hybridized carbon. On the other hand, the peaks at

286.5 and 288.7 eV can be assigned to the C-O and O-C=O species, respectively. The Cu 2p core

level spectra of the monometallic and the bimetallic nano-alloys are presented in Figure 4.5(b).

All the spectra showed two sets of spin-orbit coupled doublet peaks. The metallic copper Cu0

peaks were assigned at 932.72 and 952.48 eV, whereas the Cu2+ were assigned at 934.55 and

954.72 eV, respectively [152]. The major occurrence of zero-valent Cu was observed in all three

nano-catalysts, and the surface relative composition of metallic Cu0 over Cu/C, Cu0.85Ni0.15/C

and Cu0.85Zn0.15/C were found to be 74.3, 77.7 and 79.1%. The presence of another metal

apparently helped Cu to be in its metallic state. The shake-up satellite peak at 944.5 eV
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confirmed the presence of bivalent Cu [153]. The bivalent Cu must be in an amorphous state

as no crystalline Cu0 were observed in the earlier diffraction experiments. Figure 4.5(c) shows

the Ni 2p core level spectra of Cu0.85Ni0.15/C, whereas Figure 4.5(d) shows the Zn 2p core level

spectra from Cu0.85Zn0.15/C. Whereas Ni was found to be present in almost equally bivalent

and zero-valent states, Zn was predominantly in its metallic state [137].

Figure 4.5: Core level XPS data of (a) C 1s, (b) Cu 2p, (c) Ni 2p, and (d) Zn 2p of Cu/C,
Cu0.85Ni0.15/C, and Cu0.85Zn0.15/C

The electrochemically active surface area (ECSA) measured using the Cottrell equation, formu-

lated as

i =
nFAC0

√
D√

πt
(4.9)

where i is the current (A), n is the number of electrons in the reduction or oxidation reaction

of the analyte, C0 is the initial concentration of the nitrate, D is the diffusion coefficient of
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the nitrate ions(cm2 s−1). Using equation 4.9, ECSA was found comparable over the three

nano-catalysts, and the values were 1.18, 2.04, and 1.81 cm2 for Cu/C, Cu0.85Ni0.15/C and

Cu0.85Zn0.15/C, respectively (Figure 4.6(a)). The BET surface area analysis of the MOFs and the

MOF derived catalysts are shown in Figure 4.6(b) and (c). From the surface area analysis data,

the MOF-derived catalysts possessed a high surface area (Figure 4.6(c) and Table 4.1). Cu/C

showed the highest surface area of 144.8 m2 g−1, whereas Cu0.85Ni0.15/C and Cu0.85Zn0.15/C

demonstrated a marginally lower value of 122.4 and 111.3 m2 g−1, respectively.

Figure 4.6: (a) ECSA of MOF derived nano-catalysts, and BET adsorption-desorption plot of
(b) MOFs and (c) MOF derived nano-catalysts Cu/C, Cu0.85Ni0.15/C, and Cu0.85Zn0.15/C

Table 4.1: BET surface area of MOFs and MOF-derived nano-catalysts

Electrocatalyst BET Surface Area (m2 g−1)

Cu-BTC 1157.5
Cu0.85Ni0.15-BTC 443.21
Cu0.85Zn0.15-BTC 543.75

Cu/C 144.8
Cu0.85Ni0.15/C 122.37
Cu0.85Zn0.15/C 111.25
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4.3.2 NOxRR

The electrocatalytic reduction of nitrate in aqueous medium was studied over the MOF-derived

monometallic and the bimetallic nano-alloy catalysts. The LSV traces in the absence and in the

presence of nitrate within the potential window of 0.5 to -1.5 V (vs. RHE) at a fixed scan rate

of 50 mV s−1 are shown in Figure 4.7(a)-(c). For comparison, the LSV traces of Ni/C and Zn/C

are also plotted in Figure 4.7(d) and (e). With the potential continuing negatively, ubiquitously

all three nano-catalysts show a steady increase in current density in the absence of nitrate. The

sudden increase in the current density at higher negative potentials could be due to the HER.

The enhanced cathodic current density in the presence of nitrate indicates the catalytic efficacy

of the nanomaterials towards NOxRR. The onset potentials were recorded marginally different

Figure 4.7: (a) LSV curves of electrocatalysts with and without nitrate ions over (a) Cu/C,
(b) Cu0.85Ni0.15/C, (c) Cu0.85Zn0.15/C, (d) Ni/C, (e)Zn/C, and (f) Yield of H2 over the Cu/C,

Cu0.85Ni0.15/C and Cu0.85Zn0.15/C

over the three catalysts as can be seen from Figure 4.7(a)-(c). In fact, the onset potentials

were at the slightly lower cathodic potential for pristine Cu/C and Cu0.85Ni0.15/C compared

to Cu0.85Zn0.15/C, indicating the critical role of monometallic and the bimetallic nano-alloy

catalysts in the activation of nitrate ions. The first minor peak at about -0.4 V could be due to

the reduction of NO−
3 to NO−

2 , whereas the second major peak around -0.75 V was assigned to the

reduction of NO−
2 to NH3 [154, 155]. Among the materials, the current density of Cu0.85Zn0.15/C
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was found to be higher than the other two catalysts (particularly at higher potential) implying a

higher catalytic NOxRR efficacy over the nano-alloy. But as discussed, higher current density in

LSV plot may not differentiate well between HER and NOxRR. Therefore, controlled potential

experiments were performed with the electrolyte in the presence of nitrate for 2 h over the three

catalysts, and the evolved H2 was measured using the GC. The yield of H2 over the materials is

plotted against applied cathodic potentials in Figure 4.7(f). Apparently, Cu0.85Ni0.15/C showed

a higher yield of H2 than the Cu0.85Zn0.15/C. The data apparently unveils that the current

density over Cu0.85Ni0.15/C is mostly responsible for high HER, whereas the lower H2 evolution

in spite of high cathodic current density over Cu0.85Zn0.15/C indicate higher NOxRR activity

over the Zn containing nano-alloy catalyst. Representative chromatograms over Cu0.85Ni0.15/C

in different potentials are provided in Figure 4.8.

Figure 4.8: Representative GC chromatograms of H2 from Cu0.85Ni0.15/C after 2 h of chronoam-
perometric study

To corroborate the high NOxRR activity over Cu0.85Zn0.15/C, the conversion of NO−
3 and the

liquid products formed were identified after the 2 h of controlled potential experiments in the

presence of nitrate over the three catalysts. Figure 4.9(a) shows representative UV-Vis spectra

of nitrate concentration against different potentials. Only two reduction products, ammonia

and nitrite were identified and the corresponding absorption spectra are plotted in Figure 4.9(b)

and (c). Figure 4.10 shows the percentage conversion of NO−
3 against the applied potentials

over the MOF-derived nano-alloy catalysts. Figure 4.11(a) shows the yield of NH3 against the

applied cathodic potentials. Apparently, the yield of NH3 steadily increased with the increase in

potentials over all the three nano-catalysts, and the highest yield of NH3 was found to be over
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Cu0.85Zn0.15/C compared to the other two catalysts. Particularly, at -1.2 and -1.4 V (vs. RHE)

the yield of NH3 over Cu0.85Zn0.15/C was found to be as high as 1916.3 and 2143.6 µg h−1 cm−2,

respectively. As NO−
2 was the second product, we also measured the yield of formation of NO−

2

over the catalysts at the same cathodic potentials, and the results are plotted in Figure 4.11(b).

The overall yield of NO−
2 over the three catalysts was found to be significantly lower than that of

NH3. Interestingly, while pristine Cu/C showed a monotonic increase of yield of NO−
2 with the

Figure 4.9: Representative UV-Vis absorption spectra of (a) nitrate concentration, (a) ammonia
formed, and (b) nitrite formed against different potentials over Cu0.85Zn0.15/C

Figure 4.10: The degrees of conversion of NO−
3 against the applied potentials over (a) over

Cu/C, Cu0.85Ni0.15/C, and Cu0.85Zn0.15/C, and (b) Ni/C and Zn/C

increase in cathodic potentials, the bimetallic nano-alloy Cu0.85Ni0.15/C exhibited the exact

opposite trend. On the other hand, Cu0.85Zn0.15/C demonstrated a volcanic-type plot of yield in

NO−
2 against the negatively increased potentials. The selectivity of NH3 was calculated, and the

results in Figure 4.11(c) show the superiority of the nano-alloy Cu0.85Zn0.15/C over the other
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two catalysts. As control experiments, the yield of NH3 and NO−
2 as well as the selectivity of

NH3 over Ni/C and Zn/C were measured and plotted in Figure 4.12. It’s apparent from the

results that the pristine monometallic catalysts demonstrated very poor catalytic activity.

Figure 4.11: (a) Yield of NH3, (b) Yield of NO−
2 , and (c) Selectivity of NH3 over Cu/C,

Cu0.85Ni0.15/C, and Cu0.85Zn0.15/C

Figure 4.12: (a) Yield of NH3, (b) Yield of NO−
2 , and (c) Selectivity of NH3 over Ni/C and Zn/C

Further, the EE(%) and the FE(%) of the two NOxRR liquid products and H2 from HER

were evaluated. Figure 4.13 shows the percentage of EE of formation of the desired product.

Figure 4.14(a) shows that the FE(%) of NH3 gradually decreases over pristine Cu/C nano-catalyst

with an increase in cathodic potential. A similar trend of declining FE(%) of NH3 with higher

cathodic potentials was also observed over Cu0.85Ni0.15/C nano-alloy (Figure 4.14(b)). However,

interestingly the FE(%) of H2 steadily increased with an increase in cathodic potential indicating

a significant HER over the Cu0.85Ni0.15/C catalyst. It should be noted that a minor contribution

of FE(%) of NO−
2 was observed at lower cathodic potential over the pristine Cu/C catalyst,

however, FE(%) of NO−
2 was obscured at higher potentials. This suggests that NO−

2 could be

an intermediate product and can be further reduced to NH3 under more negative potentials

[156]. The total FE(%) of NH3, NO
−
2 and H2 at around 80(%) indicate formation of N2 and/or
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N2H4 as reduction products from the nitrate over pristine Cu/C and Cu0.85Ni0.15/C catalysts.

The formation of gaseous N2 was not evaluated. However, the possible production of N2H4 was

evaluated by the Watt-Chrisp method, and no N2H4 was detected over any sample. Figure 4.14(c)

shows the highest FE(%) of NH3 over Cu0.85Zn0.15/C among the three catalysts. The highest

Figure 4.13: The percentage of energy efficiency of formation of NH3 over over Cu/C,
Cu0.85Ni0.15/C, and Cu0.85Zn0.15/C

Figure 4.14: FE(%) of NH3, NO2, and H2 over (a) Cu/C, (b) Cu0.85Ni0.15/C,
and (c) Cu0.85Zn0.15/C

FE(%) of NH3 around 82% was observed at -1.2 V. A minute FE(%) of NO−
2 was observed at

lower cathodic potential and was obscured at higher potentials. Interestingly, the FE(%) of H2

was significantly low over Cu0.85Zn0.15/C indicating a low HER. The total FE(%) of NH3, NO−
2

and H2 over Cu0.85Zn0.15/C also indicated a very insignificant formation of gaseous N2. The high
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current density from LSV traces, the high yield of NH3 leading to higher selectivity, and the high

FE(%) of NH3 compared to that of H2 conclusively established the superior electro-catalytic

performance of Cu0.85Zn0.15/C towards reducing the nitrate to NH3. It should be noted that the

FE(%) of the desired products over monometallic Ni/C and Zn/C were insignificant (Figure 4.15).

Figure 4.15: FE(%) of NH3, NO2 and H2 over (a) Ni/C and (b) Zn/C

Previous research on electrocatalytic nitrate reduction, using in-situ electrochemical Raman

spectra and XRD patterns, showed that the in-situ electrochemical reconstruction of the Cu/Cu2O

interface from pristine CuO aided in the electrocatalytic nitrate reduction [136]. However, our

study did not reveal any crystalline Cu2O in the exhausted catalyst. To have further insight

into the reaction kinetics, charge transfer resistance, Tafel slope, rate constants, and activation

energy were inspected over the three nano-catalysts. From the Nyquist plot in Figure 4.16(a), it

Figure 4.16: (a) Impedance spectra and (b) Tafel plots over Cu/C, Cu0.85Ni0.15/C,
and Cu0.85Zn0.15/C
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is apparent that though the three nanomaterials showed similar patterns of arcs, Cu0.85Zn0.15/C

displayed the smallest semi-circle followed by Cu0.85Ni0.15/C and Cu/C. It can be concluded that

Cu0.85Zn0.15/C possessed the lowest charge transfer resistance and consequently high electrical

conductivity to exhibit better NOxRR catalytic activity than the other two nanomaterials. The

Tafel slopes for the three catalysts Cu/C, Cu0.85Ni0.15/C and Cu0.85Zn0.15/C were found to be

79.86, 77.15 and 67.64 mV dec−1, respectively (Figure 4.16(b)). The obtained Tafel slopes being

close to the theoretical value of 59 mV dec−1, indicate that the rate-determining step was not

the initial electron transfer process, but the succeeding chemical process. The smaller Tafel slope

as well as the smaller charge transfer resistance suggested the faster NOxRR reaction kinetics of

Cu0.85Zn0.15/C towards high yield rate and FE(%) of NH3.

To reveal the details of the reaction process of NOxRR over the nano-catalysts, LSV curves were

recorded at different scan rates to probe the electron transfer of the specific process (Figure 4.17).

A linear relationship was observed between the square root of the scan rate and the peak current

(Figure 4.18(a)) following the Randles-Sevick equation:

Ip =
(
2.99× 105

)
n(αn)1/2AC0D

1/2
0 ϑ1/2 (4.10)

In the equation Ip stands for the peak current, n is the number of electrons involved in the

reduction process, α is the charge transfer coefficient, A is the area (cm2) of the electrode, Co

is the bulk concentration of nitrate (mol cc−1), Do is the diffusion coefficient (cm2 s−1) and

ϑ stands for scan rate (V s−1). The linear relation indicates that the NOxRR over the three

nano-catalysts is a diffusion-controlled process rather than a surface-controlled phenomenon

[157]. The diffusion coefficient (Do) was found to be similar over Cu/C (8.4×10−9 cm2 s−1) and

Cu0.85Ni0.15/C (4.4×10−9 cm2 s−1), whereas the value was found to be orders of magnitude

higher with Cu0.85Zn0.15/C (8.4×10−7 cm2s−1). Additionally, using the diffusion coefficients we

calculated the rate constant (ko) of the NOxRR over the materials according to the following

equation [158]:

Ep = Ef − RT

αnF

[
0.784 + 2.303 log

(
D

1/2
o

ko

)
+ 2.303 log

(
αnFϑ

RT

)1/2
]

(4.11)

where, Ep is the peak potential (V), Ef is the formal potential (V), α is the charge transfer

coefficient, R is the universal gas constant (Jmol−1K−1) and T is temperature (K). From the

plot of Ep vs. log scan rate (Figure 4.18(b)), the rate constants (k0) of the pseudo first-order

kinetics of NOxRR over three catalysts were found out, and the values were 1.02×10−3 s−1 over
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Figure 4.17: LSV curves at different scan rates over (a) Cu/C (b) Cu0.85Ni0.15/C and (c)
Cu0.85Zn0.15/C

Figure 4.18: (a) Plot of peak current with the square root of scan rate following the Randles-
Sevick equation, (b) plot of peak potential (Ep) with the log of scan rate, and (c) Arrhenius

plotting of the three MOF-derived nano catalysts

Cu/C, 2.16×10−3 s−1 over Cu0.85Ni0.15/C, and 2.83 × 10−3 s−1 over Cu0.85Zn0.15/C. Apparently

the Cu0.85Zn0.15/C nano-alloy catalysts with its higher NOxRR rate constant and consequently

faster kinetics outperformed the other two materials. A plot of ln D vs. 1000/T as obtained

in Figure 4.18(c) demonstrates a good correlation of the data to the Arrhenius relationship.

Further, the apparent activation energy of the NOxRR over the MOF-derived catalysts was also

evaluated. With increasing temperature, the cathodic peak potential of the reduction reaction

gradually increased (Figure 4.19). The temperature dependence of the diffusion coefficient can

be examined with the Arrhenius equation:

D = D0 exp (−ED/RT) (4.12)

where, ED is the diffusional activation energy of the electroactive species.
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Figure 4.19: Plot of the cathodic current against applied potential at different temperatures
over(a) Cu/C, (b) Cu0.85Ni0.15/C, and (c) Cu0.85Zn0.15/C

To rationalize the superiority of the catalyst Cu0.85Zn0.15/C in NOxRR in terms of the rate

of the reaction as well as selectivity and FE(%) of NH3, we have studied the electronic states

and the d -bands in detail with the help of DFT based the first principle calculations. The

position of the d -band with respect to the Fermi level is important because it indicates the

availability of electrons in the atom. Thus, the position of the d -band is strongly correlated to

the binding energy of intermediates, and thereby often used as a metric for catalytic activity

[159, 160]. As the XRD data show (111) plane as the most exposed facet of the as-synthesized

face-centered cubic nanomaterials, in DFT calculations the same plane was considered as the

effective reactive surface. The energy minimized relaxed (111) surfaces of Cu/C, Cu0.85Ni0.15/C

and Cu0.85Zn0.15/C are depicted in Figure 4.20. Next, the electronic properties including the

atomic orbital projected density of states (PDOS) were calculated using the GGA-PBE method,

and the PDOS profiles are projected in Figure 4.21(a) with the emphasis on d -orbitals of the

host and dopant atoms. The comparative d -orbital profiles indicate that the introduction of Ni

Figure 4.20: (a) Atomic orbital (d -orbital) projected density of states profiles of pristine Cu/C,
Cu0.85Ni0.15/C, and Cu0.85Zn0.15/C (b) adsorption energies for different molecular species
adsorptions on pristine Cu/C, Cu0.85Ni0.15/C and Cu0.85Zn0.15/C surfaces, with the adsorption

schematics
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doping increases the Cu d -orbital contribution near the Fermi level, whereas an exactly opposite

trend can be observed after introducing Zn. Moreover, relatively larger and marginal d -orbital

contributions can also be observed for Zn and Ni doping. These findings suggest that Ni doping

in Cu0.85Ni0.15/C results in significantly larger overall d -orbital contributions near Fermi level

compared to Zn doping in Cu0.85Zn0.15/C. The presence of such larger d -orbital contributions is

highly suitable for strong atomic orbital overlap between the adsorbed species and adsorbent

surfaces leading to stronger molecular adsorption. To verify this, the comparative adsorption

energies of different intermediate species following the most probable reaction path have been

considered for all three surfaces and are depicted in Figure 4.21(b). As nitrite was experimentally

observed to as one of the intermediates, the e−/H+ assisted reduction path was considered to be

NO3→NO2→NO→NH2OH→NH3. Clearly, the Cu0.85Zn0.15/C has the lowest adsorption energy

throughout the reaction pathways, which is in excellent agreement with the PDOS analysis.

However, since all the intermediate species are rather strongly adsorbed in the metal surfaces (the

lowest adsorption energy has a magnitude higher than 4.5 eV), the Cu0.85Zn0.15/C is expected to

be the most favorable metal surface for electrochemical activities. This is also in good agreement

with the experimental observations of this work.

Figure 4.21: Energy minimized relaxed (111) surfaces of Cu/C, Cu0.85Ni0.15/C, and
Cu0.85Zn0.15/C
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4.4 Conclusion

The pristine Cu/C and the nano-alloys of Cu0.85Ni0.15/C and Cu0.85Zn0.15/C synthesized from

the corresponding monometallic and bimetallic MOFs crystallized in a phase pure face-centered

cubic lattice with a very high dispersion of the active sites over the carbonaceous supports. The

carbonaceous support of Cu0.85Zn0.15/C possessed the highest concentration of defect carbon

among the three catalysts. The XPS analyses revealed that the support carbon of all the thee

nano-catalysts contained the sp2 and sp3 hybridized carbon, along with C-O and O-C=O species.

The active sites of metals were majorly found in their zero valent oxidation state. The detailed

catalytic studies over the nano-catalysts unveiled that the Cu0.85Zn0.15/C possessed a superior

NOxRR activity owing to the higher FE(%), higher yield, and higher selectivity of NH3. The

higher NOxRR rate constant also indicated a faster kinetics over Cu0.85Zn0.15/C compared to the

other two nanomaterials. On the other hand, Cu0.85Ni0.15/C exhibited an efficient unselective

HER over the material. The first principle calculation revealed that the alteration in d -band

in Cu0.85Zn0.15/C near the Fermi level played a major role in influencing the interaction of

nitrate and other reaction intermediates with the optimized surface of the nano-alloy catalyst

and thereby improved the catalytic efficacy.



Chapter 5

Understanding the Catalytic

Materials in NOx Removal:

A Summary and Conclusion

5.1 Insight into the Catalytic Materials

Catalysis plays a pivotal role in modern science and technology, enabling the development

of more competent and sustainable processes across various fields. In recent research efforts,

scientists have focused on enhancing catalytic materials to address critical challenges such as

environmental pollution and energy conversion. This summary encapsulates a comprehensive

exploration of catalytic materials and their applications in NOx removal in our laboratory,

showcasing the versatile nature of catalyst design and modification. This research encompasses a

range of catalytic materials for deNOxification and converting it into environmentally friendly and

useful products as well the insights into their catalytic mechanisms and efficiency improvements.

Investigating the catalytic mechanisms involved in NOx reduction is essential for optimizing

catalyst performance. Understanding the surface reactions, reaction kinetics, and the role of

active sites on the catalyst can lead to the development of more efficient and selective catalysts.

In the first study, we harnessed the potential of metal-organic frameworks with high surface

area and porosity. This study delved into the catalytic reduction of NOx using metallic Pt

dispersed on a ZIF-8 MOF whereby the high surface area and the porosity of the MOF materials

played a pivotal role in the NOx conversion. These properties of ZIF-8 were instrumental for

79
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NO adsorption and the dispersed Pt effectively converted NO at a low temperature. The ZIF-8

was prepared using the direct wet chemistry method and the Pt was dispersed by impregnation

method. As against the traditional Pt/Zeolite, the Pt/ZIF showed exceptional conversion at

a lower temperature than the previous. All these catalytic performances can be devoted to

the material properties of Pt/ZIF-8. Moving to the second investigation, the focus shifted to

understanding the plausible mechanism using the solid solutions of Ce1−xNixO2−δ as catalysts

for NO reduction. Also, to explore a better non-noble catalyst, we chose Ce and the transition

metal Ni to synthesize the catalyst. The different synthetic routes were implemented to prepare

the catalysts to study the unveiled role of oxygen vacancies and surface hydroxyl species in

catalysis. The importance of the synthetic procedure and the reducibility of the catalyst were

conveyed through this research.

After carefully investigating the material properties and importance of the preparation method

for the catalytic material for gaseous NOx, we explored materials for the catalytic reduction

of aqueous NOx. The third study explored electrocatalytic nitrate reduction, from which the

concept of waste to wealth was achieved. The electro-catalysts prepared by a two-step process

converted pollutant nitrate into valuable ammonia products. Here, the employment of nano-alloys

of Cu doped with Ni and Zn to fine-tune the electronic structure and surface interactions, led

to enhanced selectivity and yield in nitrate reduction. This innovative approach opens new

possibilities for environmentally friendly technologies.

In sum, these three studies underscore the importance of catalysts in addressing one of the

global challenges i.e., NOx abatement. We have successfully improved NOx reduction by

carefully engineering the catalyst materials. These findings have implications for environmental

remediation, energy conversion, and sustainable chemistry, highlighting the importance of

understanding the underlying mechanisms of catalysis and the potential of fine-tuning catalyst

properties. Overall, this research contributes valuable insights to the field of catalysis and offers

promising avenues for future studies and applications.

5.2 Future scope of the work

The work presented in this thesis integrates a noteworthy contribution to the field of ambient

and low-temperature NOx abatement catalysis. The research has provided a comprehensive

understanding of material properties through the manipulation of synthesis procedures and their
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relationship with the reaction mechanism. Looking ahead, there are several promising avenues

for future research and development. Some potential areas of focus include:

1. Designing catalysts with a wide temperature window, high activity, and resistance to SO2,

moisture, alkali, and heavy metals.

2. Laboratory-scale research to industrial-scale implementation with considerations of scala-

bility and cost-efficiency.

3. To gain a more comprehensive understanding of the reaction mechanisms and the kinetics

with the help of in-situ characterization techniques.

4. Engineering of electrocatalysts and electrolytes in concordance with the pH for better

selectivity, durability, yield, and suppression of H2 evolution.

Overall, the results and understanding gained from this thesis open up exciting possibilities for

advancing the field of NOx abatement catalysis. By addressing the challenges of cost-effectiveness

and environmental impact, while optimizing selectivity and scalability, future research can

contribute significantly to achieving cleaner and more sustainable air quality.
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