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Lay Abstract  

This PhD thesis aims to develop and implement a sustainable technology that tackles 

increased CO2 emissions in the atmosphere and mitigates the greenhouse effect on climate change. 

The approach of this thesis focuses on developing efficient catalyst designs for 

CO2 electroreduction (CO2R) to CO as a beneficial chemical feedstock, and then pursues the 

practical implementation of these catalysts in an industrially relative reactor design in the form of 

a membrane electrode assembly (MEA)-type electrolyzer. This study selected atomically dispersed 

metal-doped nitrogen-carbon (M–N–C) and intermetallic carbide electrocatalysts as promising 

materials for CO2R. Among different precursors, metal-organic frameworks (MOFs) have been 

employed to synthesize the desired electrocatalysts due to their unique geometric structure and 

high surface area. On a fundamental level, our findings demonstrated that all MOF-derived 

catalysts have exhibited high selectivity towards CO during CO2R. However, the conversion rates 

were governed by the nature of the active sites and the implemented electrochemical systems.   
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Abstract  

To combat the escalating environmental challenges and alleviate the current energy crisis, 

CO2 conversion to fuels and chemical feedstocks provides a reliable approach to mitigate the 

devastating impact of greenhouse emissions on climate change. CO2 conversion/reduction could 

be carried out by several methods; however, the electrochemical CO2 reduction (CO2R) approach 

has coupled several advantages. For instance, CO2R occurs in near-ambient reaction conditions 

and could be driven through the employment of renewable energy resources (wind or solar) to 

generate electricity. However, this reaction has a large energy barrier which requires a catalyst to 

facilitate its pathway. In this context, various catalyst designs were developed and investigated 

during the last decades, such as heterogenous (metal and metal oxide) and homogenous (organic 

molecules) catalysts. A new class of materials – atomically dispersed metal nitrogen–doped carbon 

support (M–N–C)– has emerged recently and showed remarkable enhancement for CO2R 

compared to the state-of-the-art. In particular, Ni–N–C catalysts have demonstrated an improved 

selectivity toward CO production compared to precious metal catalysts. Researchers have 

postulated this superior performance to the high atomic utilization (theoretically 100%) of the 

metal sites under reaction conditions and the enhanced electronic properties. In addition, 

intermetallic carbides have been included as a promising class of catalysts for CO2R due to their 

unique physical and chemical characteristics. These catalysts could be synthesized using different 

precursors; among them, MOFs are currently one of the most promising platforms that generate 

several catalyst designs. It was demonstrated that MOF’s unique characteristics, such as high 

surface area and porosity, would be transitioned to the derived catalysts. 

In this thesis, two MOF architectures (ZIF-8 and MOF-74) were initially selected to be 

employed as precursors for deriving atomically dispersed Ni–N–C catalysts. Both MOF-derived 
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catalysts were evaluated for CO2R using a customized electrochemical cell (E-cell) with a 3–

electrode configuration. The derived Ni–N–C catalysts using ZIF-8 and MOF-74 have achieved 

enhanced CO selectivity with Faradaic efficiencies (FE) > 90% at less negative applied potentials, 

–0.68 and –0.76 V vs RHE, respectively. Further, various synthetic conditions were explored in 

these studies, such as the role of the Ni content and the pyrolysis temperature on the resulted 

catalyst structure, and the electrocatalytic performance during CO2 electrolysis. 

Subsequently, one of the MOF topologies – ZIF-8 – was further utilized to develop other 

designs of electrocatalysts by introducing different synthetic conditions. This has resulted in 

generating various moieties that are able to produce CO during CO2R. For example, one derived 

catalyst design consists of homogenously distributed atomically dispersed dual Ni–Zn–NX/C sites. 

Whereas the other design demonstrated a heterogenous structure of Ni3ZnC-based particles 

anchored on atomically dispersed dual Ni–Zn–NX/C sites. Both electrocatalyst designs were 

integrated into a gas diffusion electrode (GDE) and evaluated for CO2R using an MEA-based 

electrolyzer. Our findings revealed that the co-existence of Ni3ZnC particles and dual Ni–Zn–NX/C 

active sites in a heterogenous structure has boosted the electrocatalytic activity towards CO 

production, achieving near unity CO FE at 448 mA/cm2 at an overall cell voltage of 3.1 V. Aside 

from the electrocatalytic performance, the nature of active sites in the developed catalyst designs 

has been studied using in-situ and ex-situ X-ray absorption spectroscopy. Other analytical 

techniques such as transmission electron microscopy (TEM), energy dispersive spectroscopy 

(EDS), powder X-ray diffraction (PXRD), and X-ray photoelectron spectroscopy (XPS) have also 

been used to identify the catalysts’ composition and morphology.  
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1 Chapter | Introduction 

1.1   Motivation 

Establishing sustainable energy resources on a global scale while maintaining and 

preserving the environment has become one of the most imperative challenges for humanity 

today.1, 2 According to the recent reports issued by the International Energy Agency (IEA), in 2013, 

the global energy demand reached 18 TW with the majority percent (~64%) coming from fossil 

fuel resources. With the rapid increase in the world’s population and the excess industrialization 

processes, this demand is anticipated to face a further increase up to 24 or 26 TW in 2040.3 This 

has raised significant concerns related to energy supplies and climate change resulting from the 

grand reliance on fossil fuels. Therefore, various attempts have been devoted to diversifying our 

energy sources by transitioning to renewable energy supplies. For instance, hydroelectric power, 

wind, and solar, have been utilized to minimize our dependence on fossil fuels. Despite the fact 

that combining both solar and wind energy sources can surpass the current world demand for 

electricity by 10000-fold, the intrinsic intermittency restricts their further development.4 The 

Intergovernmental Panel on Climate Change (IPCC) claimed that a significant amount of carbon 

dioxide (CO2) –one of the major greenhouse gases– must be removed from the atmosphere each 

year – at least 5~10 gigatons – in the latter half of this century.  

CO2 removal or emissions reduction could be achieved through different approaches, 

including the development and implementation of viable technologies/materials for CO2 capture 

and sequestration, CO2 reduction into beneficial feedstocks, and replacing fossil fuels with 

alternative renewable energy resources.5 Of note, most materials produced via electrochemical 

CO2 conversion are being generated from fossil fuels at a lower cost. This increases the desire 

towards developing economically competitive systems.6 Initially, CO2R was driven through 
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various methodologies, that includes thermochemical and photoelectrochemical approach; 

however, the electrochemical CO2 reduction (E–CO2R) has been widely investigated. This reaction 

has distinct advantages, such as the near ambient reaction conditions and the possibility of 

governing the reaction thermodynamics. However, it suffers from a large energy barrier, which 

requires the development of efficient electrocatalysts. Several catalyst structures have been 

designed to reduce CO2 to different valuable products, namely methane (CH4), ethanol (C2H5OH), 

ethylene (C2H4), formic acid (HCOOH), and carbon monoxide (CO).7 Most of these products were 

obtained in aqueous CO2R systems where a liquid electrolyte solubilized with reactant CO2 

molecules was used. This resulted in obtaining low current densities/reaction rates due to the low 

solubility (34 mM) of CO2 gas molecules in the aqueous solutions. To enable the electrochemical 

CO2R in aqueous media to be economically competitive, a current density regime of 300 mA/cm2 

is required, which is far from most of the obtained current densities to date (tens of mA/cm2).8 To 

tackle CO2 mass transport restraints, scientists have explored the gas-phase electrochemical CO2R 

technology. A key component of this technology is a gas diffusion electrode (GDE).9-11 In this 

electrode, a gas diffusion layer (GDL) is used as a porous hydrophobic substrate where the catalyst 

is deposited, resulting in a shortening of the CO2 diffusion path significantly. GDE technology has 

also imparted the opportunity to optimize the E–CO2R reaction conditions, such as the utilization 

of alkaline solutions as electrolytes, which could significantly affect the reaction catalytic 

performance.12 Developing a new catalyst design for GDEs is one of the key aspects of GDEs 

technology. In this context, various catalyst designs have been employed, that includes 2D thin 

films and 3D nano-structured materials. The overall performance of the integrated catalyst layer is 

influenced by different parameters such as the morphology and composition of the developed 
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electrocatalysts. Therefore, exploring and developing an efficient catalyst structure for the gas-

phase E–CO2R is required, along with their integration into GDEs and ultimately CO2R reactors. 

 

 

1.2  Thesis Structure 

 

In this thesis, Chapter 2 is divided into two parts. The first part outlines a detailed 

introduction to the fundamentals of E–CO2R, including reaction mechanisms that occur on the 

cathodic and anodic sides, E–CO2R-based systems (e.g., liquid and gas phase E-CO2R), the 

different electrochemical cell configurations (e.g., flow cells and MEAs), and various catalyst 

compositions/morphologies that are used for E–CO2R. The second part discusses the M–N–C 

catalyst development, including synthetic approaches, CO2R mechanisms on M–NX/C sites, and 

HER suppression mechanism.  

In Chapter 3, ZIF-8 precursor was used as a platform to prepare single Ni–NX/C sites for 

CO2R. A systematic study to optimize the Ni content inside the derived catalysts has been 

conducted. Different Ni2+: Zn2+ atomic ratios were evaluated, which include 0.5:1, 1:1, 2:1, and 

3:1. All prepared catalysts were characterized using various techniques such as TEM, EELS, SEM, 

and PXRD to obtain detailed insights on the morphology and composition of the generated active 

sites. Our findings revealed that low Ni content enabled the formation of single Ni–NX/C sites (e.g. 

0.5:1 and 1:1 Ni2+:Zn2+ atomic ratios). Whilst the high Ni concentration led to the formation of Ni-

based nano/microparticles. The electrochemical performance of the developed catalysts was 

investigated using a customized 3–electrode cell configuration. Lower Ni2+: Zn2+ ratios exhibited 
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better selectivity towards CO production whereby 0.5:1 Ni2+: Zn2+ ratio achieved ca. 99% CO FE 

at –0.68 V vs RHE. 

In Chapter 4, another MOF topology of Ni-Mg-MOF-74 was employed as a precursor for 

generating atomically dispersed Ni–NX/C sites. Most of the currently used MOFs are constructed 

from N-containing building blocks which restrict the employment of MOF precursors to the N-

containing compositions. Therefore, N-doped MOF has been recently explored to impart other 

MOF architectures along with N-based ones. However, increasing the active site concentration 

while retaining the separation of metal moieties is challenging. Therefore, metal ion spacers of 

Mg2+ in a bi-metallic NiMg-MOF-74 were used to prevent the agglomeration of Ni single moieties 

to Ni particles. Additionally, during the synthesis, urea molecules were used to impregnate N in 

the derived catalyst structure. Our results revealed that the role of Mg2+ as separators is vital in 

increasing the distance between the Ni sites in the parent structure, leading to the successful 

production of Ni single sites. In contrast, a structure of Ni-based particles immobilized in carbon 

nanotubes (CNTs) was evolved while using Mg-free Ni-MOF-74. Further, the influence of thermal 

treatment conditions as key reaction parameters on the derived structure was investigated. Our 

findings showed that high pyrolysis temperatures (e.g., 900°C) have promoted the formation of 

Ni–NX/C, while using lower temperatures (e.g., 700°C) has generated Ni nano/microparticles. The 

developed Ni–N–C electrode was evaluated for CO2R; revealing high CO selectivity that achieved 

ca. 90% FE and -4.2 mA/cm2 at -0.76 V vs RHE. 

In Chapter 5 one of the MOF topologies – ZIF-8 – was further utilized to develop other 

designs of electrocatalysts by introducing different synthetic conditions. This resulted in 

generating various active site moieties that can produce CO during CO2R. For example, one 

derived catalyst consists of homogenously distributed atomically dispersed dual Ni–Zn–NX/C 
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sites. Whereas the other catalyst design demonstrated a heterogenous structure of Ni3ZnC-based 

particles and atomically dispersed dual Ni–Zn–NX/C sites. Both electrocatalyst designs were 

integrated into a gas diffusion electrode (GDE) and evaluated for CO2R using an MEA-based 

electrolyzer. Our findings revealed that the co-existence of Ni3ZnC and atomically dispersed dual 

Ni–Zn–NX/C active sites in a heterogenous structure has boosted the electrocatalytic activity 

towards CO production, achieving near unity CO FE at 448 mA/cm2 by using 3.1 cell voltage. 

Along with the unique electrocatalytic performance, the nature of the active sites in the developed 

catalyst designs has been explored using in-situ and ex-situ X-ray absorption spectroscopy. Other 

analytical techniques such as transmission electron microscopy (TEM), energy dispersive 

spectroscopy (EDS), powder X-ray diffraction (PXRD), and X-ray photoelectron spectroscopy 

(XPS) have been utilized to identify structure compositions and morphology. 

In Chapter 6 The obtained insights and results from the performed studies in this thesis 

are summarized along with the outlook. 
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2 Chapter | Fundamentals of Electrochemical CO2 Reduction 

The performance of the electrochemical CO2R system is defined by different metrics 

involving the operational costs of the overall reaction. These metrics include current density, 

Faradaic efficiency, energy efficiency, and stability. The current density defines the reaction rate 

for the electrochemical CO2R, whereby high current density systems are required to decrease 

capital costs, that mostly affects the system stability and reduces energy efficiency due to the 

presence of a large ohmic drop. The Faradaic efficiency (i.e., reaction selectivity) reflects the 

current percentage required to generate a specific product over the total consumed current. 

Reactions with high Faradaic efficiency require fewer separation procedures compared to low 

Faradaic efficiency-based systems and consequently decrease the required overall current for a 

specific production rate. The ratio of the energy stored in specific products related to the total input 

energy is defined as the energy efficiency which is directly related to the total cell voltage. Systems 

with high energy efficiency rates are desirable to lower electricity–related costs. To enhance the 

energy efficiency of a given CO2R system, the total cell voltage (including anode and cathode 

overpotential, thermodynamic cell voltage, mass transport and ohmic potential drop) is needed to 

be reduced. The difference between the thermodynamic reversible potentials of the anodic and 

cathodic reactions is defined as thermodynamic cell voltage. Additionally, stability is a crucial 

parameter to characterize an electrochemical CO2R system due to its direct relation to the 

replacement and maintenance expenses. 

2.1   Cathodic reactions 

The negative terminal of the CO2R system is defined as the cathode where an 

electrocatalyst is deposited and CO2 gas molecules are converted/reduced with the interaction of 

protons (H+) or water molecules and electrons (e-). Several products/chemicals could be generated 



Ph.D. Thesis – F. Ismail; McMaster University – Chemical Engineering 

9 
  

based on the number of protons/electrons transferred as illustrated in equations 1–7, alongside their 

thermodynamic reversible potentials: 

𝐶𝑂2 +  2𝐻+ +  2𝑒−  →  𝐶𝑂 +  𝐻2 𝑂                                         𝐸 =  −0.11 𝑉 𝑣𝑠 𝑅𝐻𝐸    (1) 

𝐶𝑂2 +  2𝐻+ +  2𝑒−  →  𝐻𝐶𝑂𝑂𝐻                                                𝐸 =  −0.21 𝑉 𝑣𝑠 𝑅𝐻𝐸    (2) 

𝐶𝑂2 +  4𝐻+ +  4𝑒−  →  𝐻𝐶𝐻𝑂 +  𝐻2 𝑂                                   𝐸 =  −0.10 𝑉 𝑣𝑠 𝑅𝐻𝐸   (3) 

CO2 +  6H+ +  6e−  →  CH3OH + H2 O                                        E =  0.3 V vs RHE      (4) 

𝐶𝑂2 +  8𝐻+ +  8𝑒−  →  𝐶𝐻4  +  2𝐻2 𝑂                                           𝐸 =  0.17 𝑉 𝑣𝑠 𝑅𝐻𝐸  (5) 

𝐶𝑂2 +  12𝐻+ +  12𝑒−  →  𝐶2𝐻4  +  4𝐻2 𝑂                                   𝐸 =  0.07 𝑉 𝑣𝑠 𝑅𝐻𝐸  (6) 

𝐶𝑂2 +  12𝐻+ +  12𝑒−  →  𝐶2𝐻5𝑂𝐻 + 3𝐻2 𝑂                            𝐸 =  0.09 𝑉 𝑣𝑠 𝑅𝐻𝐸  (7) 

 

As depicted in Figure 2.1, initially, *HCOO or *COOH intermediates are formed on the catalyst 

surface by the adsorption and activation of CO2 molecules on the cathode. This generally results 

in the reduction of *COOH to *CO adsorbed on the catalyst surface or *HCOO to formic acid. 

*CO species has two different possibilities, either the desorption from the catalyst surface to form 

CO if it weakly anchored on the catalyst surface or the reduction to hydrocarbon materials if it 

strongly attached to the surface. This reduction has two main pathways, one of them leads to the 

generation of methane and methanol via a series of proton-coupled electron transfers, and the other 

involves the formation of *CO dimers followed by hydrogenation to produce C2+ products (e.g., 

ethanol and ethylene). The fact that CO2R has several reaction pathways is being one of the largest 
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shortcomings in controlling product selectivity. Scientists and engineers paid extensive efforts to 

design new electrocatalysts that can tune the adsorption energies of the intermediates.1-4 

 

Figure 2-1 Different reaction pathways for the electrochemical CO2R products. Reproduced with 

permission from ref.4 

 

 

2.2   Anodic reactions 

 

The reaction that occurs on the positive terminal of the electrochemical CO2R system is 

typically the anodic water oxidation (oxygen evolution reaction) reaction (Figure 2.2). This 

reaction generates the electrons that migrate towards the cathodic electrode to react with the CO2 

molecules and reduce them to other products. While the anodic reactions do not affect the CO2R 

selectivity, however, the overall energy efficiency could be reduced as a result of increasing the 

overall cell voltage due to slow reaction kinetics at the anodic side. 

 

2𝐻2𝑂 →  𝑂2  +  4𝐻+  +  4𝑒−      𝐸° =  1.23 𝑉 𝑣𝑠 𝑅𝐻𝐸  (8) 
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Different materials are being used such as metal and metal oxides as catalysts to facilitate the 

oxidation reaction and minimize the activation energy barrier. Oxygen evolution reaction (OER) 

could be categorized into three main classes depending on the reaction environment, including 

acidic, neutral, and alkaline OER. 5-9 

 

Figure 2-2 Schematic diagram of the reaction pathways of the oxygen evolution reaction in 

acidic and neutral media (red arrows) and in alkaline media (blue arrows) (M: metal). 

Reproduced with permission from ref.4 

 

2.3   Electrolyte Membrane  

 

The main role of the membranes is to allow the ionic exchange while separating the anode 

and cathode electrodes. A typical membrane basically contains side chains that have fixed ionic 

sites tethered with a polymer backbone as revealed in Figure 2.3. Effective membranes should 

have high chemical stability and ionic conductivity. In the meantime, the electrochemical CO2R 

systems are using the same membranes developed for fuel cells and water electrolyzers. 

Nevertheless, the existence of several metal cations and carbonate anions makes the ionic transfer 

more difficult compared to water electrolysis, also, the electrochemical CO2R produces various 
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liquid and gaseous products which may have a negative impact on the membrane performance. 

Currently, the electrochemical CO2R community mainly uses three different types of membranes, 

which includes anion exchange membranes which transfer anions such as OH–, cation exchange 

membranes that transport cations like H+, and bi-polar membranes that are able to transfer both 

anions and cations.9-12 

 

Figure 2-3 Schematic diagram illustrates of the polymer structure used for membranes. 

Reproduced with permission from ref.13 

 

2.4   Electrochemical CO2 conversion in Liquid Electrolytes 

  Intensive progress has been devoted to investigating electrochemical CO2R in a liquid 

environment, in which CO2 gas is dissolved in an aqueous electrolyte such as potassium 

bicarbonate and reduced over a catalyst surface. The exceptional synergistic interplay between 

theoretical and experimental research toward aqueous-phase CO2R resulted in a better 

understanding of the influence of pH,14 electrolyte ions,15, 16 mass transport,17 pressure,18 and 

temperature on the obtained activity and selectivity. Therefore, the catalyst design approach has 

been widely guided by the developed activity descriptors and mechanistic insight into the reaction 

pathways, leading to searching for  novel and efficient electrocatalysts with increased activity and 

selectivity for CO2R.19-21 Recently, a comprehensive overview of these investigations was 

provided in a published study.22 Furthermore, an enhancement of these efforts is anticipated as a 



Ph.D. Thesis – F. Ismail; McMaster University – Chemical Engineering 

13 
  

result of utilizing machine learning processes for catalyst discovery.23 Even though the previously 

mentioned studies have been crucial for providing deeper insights of CO2R, their findings were 

dependent upon conventional aqueous-phase carbon dioxide reduction  reactors  constructed for 

fundamental analyses. However, these reactors are restricted with practical limitations which need 

addressing. It is worth noting that poor CO2 solubility (ca. 34 mM) in aqueous electrolytes and the 

acid/base buffer (CO /HCO−/CO−2) equilibria resulted in major issues in terms of achieving 

enhanced performance and improved efficiency. Designs operating by delivering CO2  to the 

cathode in the vapour phase can help overcome such challenges.24 Gas-diffusion electrodes 

(GDEs) can overcome those challenges by utilizing a porous catalytic layer in parallel with 

diffusion media which contribute to fast reactant transport. GDEs have been implemented in other 

electrochemical energy-conversion devices including fuel cells and electrolysers, whereby their 

structure has been enhanced for high current density and low transport losses. Still, further 

strategies are necessary to address the selectivity and activity considerations for CO2R, thus, 

avoiding the need for economically demanding downstream separations.25 Two types of electrolyte 

can be used; either the aqueous environment or an ion-conducting polymer which form a 

catalyst/liquid or catalyst/polymer electrolyte interfaces, respectively. 

2.5   Gas-phase electrochemical CO2 conversion  

The electrochemical CO2R systems were developed using almost the same fuel cells and 

water electrolyzer configurations including an anode, a cathode, and a membrane. The reduction 

of CO2 gas molecules is being occurred at the cathode while water oxidation is mostly the anode 

reaction where O2 and protons are generated. To prevent the migration of products and balance the 

ionic charge, an ionic exchange membrane is being used to separate the cathode and anode 

chambers. The performance of the electrochemical CO2R systems is mainly relying on the 
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products and reactants diffusion in the overall system, reaction kinetics on anode and cathode 

chambers, and the ion transfer through the membrane and the electrolyte. 

2.6   Electrochemical cell designs 

 

There are two main cell designs of the gas-phase CO2R electrolyzer, including membrane 

electrode assembly (MEA) and flow cell. Both configurations have the same design except only 

one difference that the MEA design does not contain a liquid electrolyte flow on the cathodic side.  

2.6.1 Flow cells 

 

The flow-cell configuration for the electrochemical CO2R has different components, 

including electrolyte chambers, cathode and anode current collectors, gas diffusion electrodes, and 

membranes as shown in Figure 2.4A. Cathodic and anodic sides are often gas diffusion electrodes 

while both chambers have in and out gas flow. Anolyte and catholyte compartments are being 

divided by an ionic exchange membrane.  Generally, the current collector is pressed against the 

cathodic GDE back side while the other side is against the ionic exchange membrane. For the 

anodic side, to decrease the ohmic drop, the catalyst is placed very close to the membrane. During 

the CO2R reaction, a flow of an electrolyte is pumped into the cathodic side while a continuous 

CO2 gas flow is fed in both chambers. The liquid products migrate to the electrolyte and the 

gaseous phase products diffuse back through the GDE. Essentially, the role of the electrolyte on 

the cathodic side is to optimize the reaction environment and enhance the efficiency of CO2 

conversion. Also, two main parameters, including the identity of the ions and pH, have a strong 

influence on the cathodic reactions. As it was demonstrated that the adsorption of OH– ions on or 

close to metal catalysts reduces the energy barrier for CO2 reduction into ethylene while 

suppressing the competing hydrogen evolution reaction (HER). Also, both NaOH and KOH have 
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high ionic conductivity compared to KHCO3  – neutral pH electrolyte – which boosts the system 

overall energy efficiency and decreases the ohmic losses. In a recent study, it was demonstrated 

that increasing KOH electrolyte concentration has significantly reduced the CO2R onset potential. 

While by using 1 M and 10 M KOH as electrolytes for CO2R reaction on a Cu catalyst, the onset 

potentials of CO2 reduction to ethylene were almost –0.46 and –0.16 V vs RHE respectively. Also, 

both ethylene and carbon monoxide have low potentials as a result of high OH– concentration 

which consequently raises the energy conversion efficiency to produce ethylene. Despite the 

alkaline systems showing promising selectivity and current densities in CO2R reactions, however, 

the electrolyte regeneration procedures that resulted from the carbonate formation are still 

challenging towards achieving high energy efficiency.26-29 Although the presence of liquid 

electrolytes is important for controlling  the reaction environment, however, the possibility of 

electrolyte penetration into the GDE could reduce the system stability. Flooding could significantly 

reduce CO2 diffusion to the catalyst which consequently lowers the overall performance of the 

CO2R system. Also, the liquid electrolyte increases the total cell voltages at high current densities 

due to increasing the overall cell resistance. Nevertheless, flow cell configuration remains a 

competitive platform to investigate the electrochemical CO2R at the industrial level. 

2.6.2 Membrane electrode assembly (MEA) cell design 

 

In MEA cell configuration (Figure 2.4B), a membrane is sandwiched between an anodic 

catalyst and cathodic GDE with eliminating the electrolyte between both electrodes, which 

generally results in reducing the ohmic resistance. In this design, a vapour phase of water reactant 

is provided to the cathodic side, avoiding the need to pump a flow of electrolytes. The absence of 

liquid electrolytes in this cell design assists in minimizing the GDE flooding and consequently 

enhances the system’s stability. Also, the catalyst stability could be maintained by preventing the 



Ph.D. Thesis – F. Ismail; McMaster University – Chemical Engineering 

16 
  

impurities derived from the liquid electrolyte. Liquid products in MEA cells exit the reactor with 

the water vapour and gas products, in contrast to flow cells where liquid products enter the 

catholyte. By condensing the gas mixture outlet in MEAs, a higher concentration of liquid products 

could be obtained. In the electrochemical CO2R electrolyzer, both energy efficiency and product 

separation procedures are affected by the diffusion of the molecules and the migration of the ions. 

That provides the flexible architecture of MEA with a high potential to fine-tune these processes 

by the reconfiguration of the membranes. For instance, the use of a combination of multiple 

membranes along with a solid polymer electrolyte instead of using only one membrane type. Xia 

et al. have developed an MEA design whereby an anode is contacted with a cation exchange 

membrane and a GDE is pressed against an anionic exchange membrane, while a solid electrolyte 

is used to separate both the cathode and anode. During CO2R, the metal cations migrate from the 

anode to the solid electrolyte while the anionic species migrate in the opposite direction from the 

cathode. This configuration was able to produce pure products over 100 hours, showing a high 

potential towards industrial applications.8, 9 MEA cell design has the same configuration as the 

commercially available polymer electrolyte membrane fuel cells, giving them great potential 

towards the implementation of industrial technologies. However, various design aspects of MEA 

should be optimized as the fuel cell chemistry is different from the electrochemical CO2R. For 

instance, in MEA cells, additional separation procedures are required to re-use CO2 because at the 

anode side of MEA, a mixture of O2 and CO2 are produced, that is ascribed to the formation of 

carbonate ions that migrate towards the anode to react with the protons and form CO2. Also, a 

product crossover could occur through the membrane due to the high liquid product concertation, 

which likely might dilute the anolyte products and increase the possibility of re-oxidation back to 

CO2 at the anodic side. Besides, membrane stability could be negatively affected by the high 
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concentrations of the produced alcohols. Additional considerations might be needed for designing 

an electrode for MEA because of the absence of liquid electrolytes significantly influences the 

local environment during CO2 electroreduction. In MEA, the ionic transfer between the cathode 

and anode is governed by the electrode-membrane interface. Achieving close contact between both 

of them is critical for high ion transport. Two different approaches are being used to enable this 

contact, including hot-pressing to the membrane after catalyst deposition on GDL, and catalyst 

direct deposition on the membrane. While both methodologies are being efficient for fuel cell 

MEA, however, the first approach provides better flexibility in catalyst design and consequently 

widely used in the electrochemical CO2R community. Unlike the fuel cell community which 

focuses on maximizing the catalyst surface area, the overall efficiency, selectivity, and activity of 

the electrochemical CO2R are mainly relying on catalyst layer morphology.30 

 

 

 

 

 

 

 

 

 

 

Figure 2-4 (A) Flow cell configuration and (B) Schematic diagram of a zero-gap cell (MEA), 

Reproduced with permission from ref 31. 
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2.7    Metrics of merit  

Various key metrics are used to assess the performance of CO2 electrolyzers (flow cells and MEA). 

The architecture of the electrolyzer and catalyst design impact all these metrics. 

2.7.1 Current density  

As mentioned earlier here, during CO2 electroreduction, the current density (j) reflects the reaction 

rate and could be quantified using the following equation: 

𝑗 =
𝐼

𝐴
     (9) 

Where I is the total current passed and A is the electrode geometric area, normalizing the current 

density to the actual electrode area –which includes the roughness factor– is also used to obtain 

further mechanistic insights. The current density is directly associated to the operating volage, 

utilizing high voltages is required to achieve high current densities. In contrast, applying low 

voltages would yield low current density values and high capital costs. 

2.7.2 Voltage 

The driving force of the reaction is described by the operating voltage, and depends on the cell 

configuration, it could be expressed as a full cell voltage (e.g., MEA) or an overpotential /potential 

(half cell reactions e.g., H-cells). The difference in value between the thermodynamic voltage and 

the required voltage to achieve high current densities is known as the overpotential.  This 

difference should be small values to reduce the applied electrical requirements and it could be 

calculated through the following equation: 
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𝜼 = |𝑬𝑨𝒑𝒑𝒍𝒊𝒆𝒅 −  𝑬°|   (10) 

𝐸° represents the thermodynamically calculated voltage and 𝐸𝐴𝑝𝑝𝑙𝑖𝑒𝑑  depicts the applied cell 

voltage. In a half-cell configuration, it is essential to compare both  𝐸𝐴𝑝𝑝𝑙𝑖𝑒𝑑  𝑎𝑛𝑑 𝐸° to a reference 

electrode. Also, compensated iR overpotentials are commonly reported to compare different 

electrocatalytic reactions with different ohmic losses. To calculate the iR-corrected overpotentials, 

Electrochemical Impedance Spectroscopy (EIS) is used to quantify the resistance source in the 

cell. A full cell voltage can use the term of overpotential whereby the difference between the 

thermodynamic voltages of the anode and cathode is the thermodynamic cell voltage 𝑬°: 

𝐸𝐶𝑒𝑙𝑙
° =  𝐸𝐶𝑎𝑡ℎ𝑜𝑑𝑒

° −  𝐸𝐴𝑛𝑜𝑑𝑒
°    (11) 

When cell voltages expressed in negative values, this is an indication of the non-spontaneously 

nature of the reaction. 

2.7.3 Faradaic Efficiency (FE) 

The reaction selectivity during CO2 reduction is commonly reported using the term of Faradaic 

Efficiency (FE) which could be calculated for each product using the following equation: 

𝐹𝐸𝑖 =
𝐼𝑖

𝐼
=

𝑧𝑖𝑛𝑖𝐹

𝐼
     (12) 

Whereby 𝐼𝑖 represents the partial current consumed in a specific gas/liquid-phase product 𝑖, and 

the number of transferred electrons for each molecule represented by 𝑧𝑖, 𝐹 is Faraday’s constant, 

𝑛𝑖 is the generation rate (in moles) of each product, and 𝐼 is the total current passed throughout 

the reaction.  
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2.7.4 Energy Efficiency (EE) 

The energy efficiency correlates the minimum electricity required for driving the reaction and the 

amount of the actual electrical energy consumed; the following equation indicates how to calculate 

EE values for the full-cell configuration: 

𝐸𝐸𝑖 = 𝐹𝐸𝑖 × 
𝐸𝐶𝑒𝑙𝑙

°

𝐸𝐴𝑝𝑝𝑙𝑖𝑒𝑑
        (13) 

Energy efficiency could be also calculated for multiple products by sum of each EE values for 

these products. For the half-cell configuration, EE values could be obtained via the iR corrected 

anode and cathode voltages without overpotential. However, calculating the full cell 

uncompensated EE is essential to consider all loss sources in the CO2 electrolyzer (e.g., membrane 

and electrolyte).  

2.7.5 Stability 

In CO2 conversion technology, the stability of CO2 electrolyzer is a key factor in determining the 

related downtime, maintenance, and replacement costs. Most of the developed CO2 electrolyzers 

maintain their efficiency for less than 100 hours, in contrast, commercially available water 

electrolyzers display a stable operation up to 20,000 hours without deterioration. Scientists have 

recently paid an extensive attention to the stability of CO2 electrolysis, however, producing a clear 

descriptor for maintaining high efficiency of CO2 electrolyzers for long durations is still under 

investigation. 

2.7.6 Voltage Losses in CO2 Electrolysis 

The development of efficient and stable CO2 electrolysis technology could be enhanced by 

identifying the sources of voltage deficiency during the reaction. As CO2 could be reduced to a 

number of different hydrocarbons and chemicals whereby the reaction pathways of these products 
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are very competitive, mass transport and kinetic can significantly influence the reaction compared 

to the traditional fuel cell electrolyzer. To deconvolute voltage losses in CO2 electrolyzer with 

multiple competitive reaction pathways, post processing models have been applied to avoid model 

re-computation of individual reactions. A power-loss method is applied to identify the mass 

transport and kinetic losses of each reaction. In this case, to calculate the thermodynamic cell 

voltage UO, the change of free energy of each product should be considered as follows: 

𝑈𝑂 = 𝐸𝐴𝑛𝑜𝑑𝑒 
𝑂 −  𝐸𝐶𝑎𝑡ℎ𝑜𝑑𝑒

𝑂 =  𝐸𝑆𝐻𝐸
𝑂 − ∑ 𝐹𝐸𝑚𝐸𝑚

𝑂
𝑚        (14) 

 

Whereby, 𝐹𝐸𝑚 is the Faradaic efficiency of (m) reaction, 𝐸𝑚
𝑂  represents the standard reaction 

potential of (m) reaction. The voltage losses of CO2 electrolyzer could be indicated by a 

polarization curve as follows:  

 

The voltage breakdown of a CO2 electrolyzer. 
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Generally, a polarization curve of an electrochemical reaction (CO2R as an example) depicts the 

relationship between the applied potential and current density, and commonly used to investigate 

the limiting key parameters that influences the overall reaction. As shown in the previous Figure, 

A polarization curve illustrates the performance limitation during the reaction that includes the 

onset potential, anode and cathode kinetics, ohmic drop and mass transport. To measure a 

polarization curve, a three-electrode system should be utilized, that involves working, counter, and 

reference electrodes. An electrolyte (mostly potassium bicarbonate) is degassed carefully prior use 

to eliminate any dissolved oxygen and a range of potential is applied to the working electrode 

while the obtained current density is measured. To plot a polarization curve, a wide range of 

applied potential should be used and plotted vs the corresponding current densities. Using this 

curve, the onset potential which defined as the minimum potential needed to drive the reaction, 

and the overpotential which is the excess potential needed to obtain a specific current density, 

could be identified. Further, information about anode and cathode kinetics, ohmic drop, and mass 

transport could be obtained from the polarization curve.32 In a recent study, Kentaro et al. has 

developed a 5-electrode technique to identify the voltage drop in a zero-gap MEA-based CO2 

electrolyzer which comprises two quasi-reference wires in addition to the traditional cell 

components. Their findings demonstrated that the major source of overpotential (almost 720 mV 

loss at 600 mA/cm2) is associated with the interface between the cathode layer and membrane. The 

authors claimed that coating the catalyst layer directly onto the membrane has reduced the voltage 

loss to 80 mV at 600 mA/cm2.33 These findings emphasize the importance of identifying the 

voltage loss sources for the rational development of efficient CO2 electrolyzers. 
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2.8   Catalyst layer 

 

2.8.1 Local environment “CO2 gradient and pH” in the catalyst layer 

 

The local environment in the electrochemical CO2R is significantly influenced by operating 

at high current densities, that includes CO2 concentration and pH in the catalyst layer.34 The 

structure and morphology of the active catalyst particles largely govern the performance of the 

catalyst layer where catalyst particles could exist in three different structures including 3-

dimensional nanostructures, 2-dimensional thin films, and 3-dimensional nanoparticles. Initially, 

CO2 molecules react with H+ or water during the electrochemical CO2R to generate the desired 

products and OH– as a by-product. The presence of high OH– concentration generally leads to 

increasing the local pH and the formation of carbonate and bicarbonate ions, which significantly 

reduces the overall performance of the CO2R system.  The operating current density and nature of 

the electrolyte are mostly governing the OH– concentration inside the catalyst layer. The 

neutralization of these OH– could be achieved using a strong buffering electrolyte. Nevertheless, 

with a further increase in the current density, the concentration of the OH- species significantly 

increases when using an alkaline electrolyte. Also, it was demonstrated by modelling results that, 

when a current density of 750 mA/cm2 in 1M KOH electrolyte is used, the concentration of OH– 

species is increased by an order of magnitude which decays the CO2 concentration in the catalyst 

layer.34, 35 

2.8.2 Nanostructured 3-D and 2-D Catalysts 

 

Catalysts with 3D nanostructures could be formed in different structures such as 

nanoparticles, nanoneedles, wires, or dendrites. This class of electrocatalysts has a high electrical 

conductivity and surface area. Also, it has an increased electric field effect associated with the 
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presence of a sharp tip such as in nanoneedles. Nanostructured catalysts are generally prepared by 

an electroplating approach where a conductive substrate is used, and metallic ions are reduced into 

metallic atoms on the surface of the cathode.36 For instance, HAuCl4 is mostly used to produce Au 

nanoneedles, in this reaction, Au0 is being obtained by the reduction of Au3+ during the 

electrodeposition. Optimizing the conditions of the synthesis such as electrolyte composition, 

applied potential, and deposition time can control the obtained catalyst morphology. For example, 

the nucleation is enhanced significantly with applying high negative potentials, and with applying 

high current densities, dendritic morphologies are mostly formed due to the quick consumption of 

the metal ions. In contrast, the nanostructures are efficiently grown in all directions at low applied 

potentials and demonstrate more isotropic characteristics.37 Besides Au nanoneedles, dendrite 

architectures of various metals such as Ag and Zn could be prepared using the electrodeposition 

approach.38 By applying a negative potential at a high growth rate, macroporous dendrite structures 

could be obtained as using these reaction conditions enhances the hydrogen evolution reaction 

where H2gas  bubbles act as a platform for the generation of macroporous structures.39 Alloy 

nanostructured catalysts could be prepared using a co-deposition methodology. Generally, 

adjusting the deposition rates and precursor concentration can influence achieving the targeted 

morphologies and compositions. 

Catalysts of the 2D structure are often a layer with an average thickness of 10-500 nm 

grown over the GDL. Through 2D architecture, both selectivity and activity are boosted due to the 

presence of a uniform local environment and CO2 concentration.40-42 Physical deposition methods 

such as atomic layer deposition (ALD) and evaporation deposition are commonly the fabrication 

approaches to prepare 2D active materials for the electrochemical CO2R. These methodologies 

afford a strong interaction between catalyst and substrate owing to the direct growth of the active 
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materials on the substrate which results in highly stable CO2R systems. Also, various materials 

such as metals, metal sulfides, and metal oxides could be deposited successfully using the same 

techniques while different catalyst compositions could be obtained through sequential deposition 

methods. Post-treatment techniques such as surface reconstruction and ionic exchange can be 

combined with the physical deposition ones for further optimization of catalyst morphology. 

Generally, the co-deposition approach is often used to prepare 2D catalysts with multi-component 

layers.43, 44 For instance, Cu–Ag thin-film alloys could be prepared using sputtering deposition 

over a PTFE gas diffusion layer with achieving 70 to 90% Cu concentration inside the fabricated 

alloy. Using this approach and Cu-Ag composition, ethanol Faradaic efficiency of 41% was 

obtained at 250 mA/cm2 current density, that’s relatively higher than the ethanol selectivity of a 

pure Cu substrate (29%). In another study, a thermal co-deposition approach was used to deposit 

Cu-Al alloy on GDL which showed high ethylene Faradaic efficiency (80%) at 400 mA/cm2 

current density. While physical deposition approaches to prepare 2D catalysts exhibited good 

selectivity and selectivity in CO2R, however, galvanic exchange approach has been recently used 

to fabricate 2D alloy catalysts over solid electrodes. Using this method, the composition 

optimization could be tuned by a galvanic exchange procedure which is considered a promising 

approach to produce high selective and active electrocatalysts for gas-phase CO2R.8, 45, 46 
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2.8.3 Single Metal Atom Catalysts 

 

Single metal atom catalysts (SMA) are newly emerged electrocatalysts that comprise 

isolated metal atoms dispersed on a substrate, with negligible interaction between the atoms. These 

catalysts are commonly used in electrocatalytic CO2 reduction applications and are often 

immobilized on carbon-based materials such as graphene, carbon nanotubes, and amorphous 

carbon.47-49 These carbonaceous supports demonstrate high electrical conductivity, which enables 

facile electron transport and large surface areas that enhance the electrocatalytic activity (Figure 

2.5). Further, carbon-based substrates have low reactivity towards hydrogen evolution reactions, 

making them ideal candidates for electrocatalytic CO2 reduction. Ni, Co, Fe, Cu, and Zn are mostly 

the employed metals in CO2R, these metals have a weak binding energy on the carbon support. 

Therefore, to stabilize these metal atoms, they are often bonded to defect sites or different 

heteroatoms anchored on the carbon support, such as N, O, P, and S. 

 

 

 

 

 

 

 

Figure 2-5 Different coordination configurations of SMAs on the support. Grey balls represent 

carbon atoms, yellow balls are SMAs, and blue balls are coordination elements. Reproduced with 

permission from ref.50 
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Metal atom coordination with the surface has a considerable effect on the overall 

performance of SMA catalysts. This coordination assists in inhibiting the agglomeration of the 

metal atoms and alters the geometric structure and electronic properties of the generated active 

sites. For instance, the metal atom interaction with CO2 molecules and key intermediates might be 

adjusted by the electron-donating influence of heteroatoms on the carbonaceous support. 

Additionally, the symmetry (symmetric vs asymmetric) and position (in-plane vs out-of-plane) of 

the metal atom on the substrate can also impact its catalytic activity. Thus, fine-tuning the metal-

support interaction could lead to a considerable improvement in the obtained catalytic performance 

of SMA electrocatalysts.50 

The coordination number of SMAs and the nature of atoms surrounding the metal site play 

an imperative role in determining their electrochemical reactivity as they are typically 

undercoordinated materials, which makes them electrochemically active catalysts. Recent studies 

have reported that lowering the coordination number of the metal site was demonstrated in most 

cases to increase the interaction between CO2 molecules and the metal sites;51 however, the 

coordination number also affects the stability of SMA sites dispersed in the carbonaceous support. 

DFT calculations have revealed that a coordination number of 4 is optimal for stabilizing late 

transition SMAs such as Ni, Fe, and Co in a configuration of N-doped graphene. It was also 

speculated that the utilization of ligands to tune the energy required for CO2 binding and the energy 

level of d-orbitals can also improve the activity of SMAs.52 

2.8.3.1 Synthetic approaches of SMAs 

The fabrication of SMA electrocatalysts for CO2 electroreduction involves using a 

conductive carbon-based substrate to deposit metal atoms and coordination elements. Various 
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strategies are followed to produce atomically dispersed metal sites, such as physical deposition, 

electrochemical deposition, as well as wet-chemistry pyrolysis. The preparation of this class of 

materials comprises multiple synthetic steps, including preparing the carbon support and 

impregnation of the active sites and coordination elements. SMAs synthetic procedures could be 

categorized into three main approaches: (I) SMAs impregnation on a modified carbonaceous 

substrate, where the coordination elements and SMAs are deposited in separate procedures; (II) 

Co-impregnation of coordination elements and SMAs on a carbonaceous substrate, whereby these 

sites are generated in one process simultaneously; and (III) One-pot preparation method of SMAs 

and carbon substrate in a one-step procedure.50 

2.8.3.2 SMAs impregnation in a modified carbonaceous support 

This synthetic route involves two different steps starting with the synthesis of carbon substrate 

doped with coordination elements such as N, S, or O, subsequently, metal atoms are impregnated 

on the formed skeleton in the second step. Through this approach, fine-tuning of the catalyst 

composition and structure could be achieved by controlling the carbon support, coordination 

elements, and active metal sites separately. Either a post-treatment route or direct synthesis could 

be used to prepare carbon substrates doped with coordination elements. For instance, chemical 

vapour deposition is being employed using H2 to synthesize N-doped graphene structure, where 

methane (CH4) and ammonia (NH3) are utilized as sources of carbon and nitrogen, respectively. 

Following this procedure, a major configuration of graphitic-N is formed with minor species of 

pyridinic-N and pyrrolic-N reported. Generally, nitrogen and carbon sources play an essential role 

in the composition and structure of the formed modified carbon substrate. A pure pyridinic-N 

configuration has been obtained by Luo et al.53 by employing H2, ethylene, and ammonia gas and 

achieved 16wt% of N-content in the developed structure. This wt% is much higher than most of 
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the recently reported wt% of N-graphene supports. Wang et al. have used 

poly(methylmethacrylate) and imidazole (C3H4N2) as carbon and nitrogen source, respectively in 

modulating the structure of N-doped graphene structure to obtain pyrrolic-N configuration. 

Modulating N-configuration could be also achieved by the post-treatment approach, whereas N-

atoms are impregnated in prepared carbon support.54 To introduce N-sites to a carbon skeleton, 

there are three different procedures, which includes nitrogen plasma55, nitrogen ion implantation56, 

ammonia exposure57. Metal deposition on carbon substrate could be achieved using different 

routes such as photochemical reduction, thermal treatment, physical deposition, and mechanical 

ball-milling.  

For example, atomic layer deposition (ALD) is a commonly used approach that is being 

employed for metal deposition in N-doped graphene. Stambula et al.58 have controlled the 

formation of Pt-SMAs via ALD up to 100 cycles without the agglomeration of the SMAs to 

nanoparticles after 100 cycles, a significant number of Pt-based particles were observed after 100 

ALD cycles due to the agglomeration of the formed SMAs to Pt-particles. Despite the wide ability 

of the ALD technique to impregnate metal sites into N-doped graphene structures, and produce 

SMAs catalysts, however, its applicability of it in large-scale synthesis is restricted, that prevent 

its further employment of it at the industrial level. The photochemical reduction method, whereas 

ultraviolet light is used to reduce the metal ion, is another effective procedure for the metal 

deposition into modified graphene support. N-doped carbon impregnated with Pt single sites have 

been developed by Liu et al using a photochemical solid phase procedure with a well-controlled 

configuration and without forming Pt particles. In this approach, Pt adsorption onto the carbon 

support has been performed by dispersing the N-doped carbon substrate in a Pt-precursor solution. 

Subsequently, the Pt-doped carbon substrate was illuminated by ultraviolet light to generate Pt-
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SMAs whereby the Pt wt% was 3.8%.59 The ball milling technique is inducing chemical bonding 

and reconstructs the material surface by transferring the kinetic energy generated from a high-

speed ball to the surface of the material. For instance, Fe-SMAs electrocatalysts have been 

prepared by ball milling a mixture of N-doped graphene and iron phthalocyanine with a metal 

loading of 4 wt%. This approach has been further applied to prepare other transition metal SMAs 

such as Co, Mn, Cu, and Ni.60 On the other hand, the chemical deposition method mainly relies on 

the chemical reduction or thermal treatment of metal cations impregnated in a modified carbon 

support. Various SMA electrocatalysts have been developed with controlling the metal loading 

using a chemical deposition approach, such as Ni, Mn, Co, and Cu (Figure 2.6a).61 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-6 a) Schematic illustration of immobilized transition metal ions on N-doped graphene 

via ion adsorption. The inset compares the structure of Ni2+@NG and Ni(II)-cyclam of Ni and N 

on activated carbon black (CB) to Ni SMA catalysts, (b) co-deposition of Ni and N on activated 

carbon black (CB) to Ni SMA catalysts. Reproduced with permission from references50. 
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Following this approach, and in a single process, both coordination elements and metal 

sites are generated on the carbon substrate. This route uses a predeposition method to one of the 

precursors on the carbon substrate, subsequently, microwave radiation or pyrolysis process is 

conducted in the presence of the other precursors, and eventually, both metal and coordination 

elements are incorporated into the matrix. Zheng et al.62 have developed Ni SMAs by the 

predeposition of Ni cations on a commercially available carbon black support, followed by a 

pyrolysis step of Ni-doped carbon black in the presence of urea as an N-source (Figure 2.6b). 

Zhao and co-workers have prepared a series of transition metal SMAs such as Ni, Mn, Fe, Co, Pt, 

Cu, and Mo by depositing the metal sites on glucose support, careful grinding in the presence of 

Melamine as N-precursor, and pyrolyzing the mixture at 800°C. The co-impregnation method also 

could be performed using gas precursors such as hydrogen sulfide and ammonia as reported by 

Tour et al, whereas Co-SMAs-doped N-graphene was successfully prepared.63 

2.8.3.3 One-pot preparation method of SMAs 

In this synthetic approach, carbon support, coordination elements, and metal precursors are 

thermally treated at elevated temperatures to generate SMAs. Metal-organic frameworks (MOFs) 

– a crystalline class of materials that demonstrates the tunable chemical structure and high surface 

area – are being extensively employed as a precursor to synthesize SMAs. MOFs exhibit unique 

properties such as the ability to precisely control the metal deposition and the presence of an 

organic ligand that could act as a precursor for both carbon and nitrogen.64 MOF-like structure 

carbon skeletons are generated by the thermal decomposition of MOFs at high temperatures. The 

produced MOF-like structure was found to exhibit most of MOF’s features such as extended 

surface area and porosity.65, 66 Under a pyrolysis environment, MOF metal ions/clusters were found 
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to migrate along the formed carbon skeleton and attach to the surface defects such as S and N to 

produce SMAs. Different key factors are influencing producing SMAs using MOF precursors, that 

includes the metal ion concentration, metal type, N-species, and MOF pores. Pyrolysis conditions 

such as temperature, ramp, and atmosphere also have an impact on this synthetic procedure. Zitolo 

et al have done the first attempt at producing SMAs via MOF structure. Their synthesis comprises 

two synthetic steps, first is a ball milling of a mixture of 1,10 phenanthroline, Zeolitic imidazole 

framework (ZIF-8), and Fe2+ acetate in a zirconium oxide crucible, followed by thermal treatment 

of the resulting composite at 1050°C under inert atmosphere.67 Another route has been reported 

by Jiao et al,68 whereas a mixed ligands of Fe-tetrakis (4‐carboxyphenyl) porphyrin (Fe-TCPP) 

and H2-TCPP to produce Fe SMAs. Optimizing the Fe concentration was achieved by changing 

the ratio of Fe-TCPP and H2-TCPP (Figure 2.7a). An additional strategy was provided by Chen 

et al69 who have explored the ionic exchange between Zn2+ sites and Ni2+ at elevated temperatures 

when using ZIF-8 impregnated with Ni ions as a precursor (Figure 2.7c), however, optimizing the 

Ni ions content during synthesis pathway is a significant factor, increasing the Ni content would 

result in forming Ni-based particles instead of SMAs. 
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Figure 2-7 a) A schematic of Fe-SMAs/N-C electrocatalyst synthesized using a mixed-ligand 

method, b) An illustration of Fe-SMAs/MOF-NCs formation through the co-pyrolysis of cage-

encapsulated precursor. (c) Ni-SMAs/MOF-NCs formation scheme illustrating the ionic 

exchange; d) Schematic representation of the electrochemical activation process of preparing the 

Ni-SMAs/MOF-NCs. (e) Demonstration of the Pd NPs transformation to single atoms and 

characterization measurements of atomically dispersed Pd. Reproduced with permission from ref 
50. 

Optimizing the pyrolysis conditions is crucial in producing MOF-based SMAs. Recent 

studies have revealed that thermal treatment of M-ZIF-8 where (M: Au, Pd, Pt) resulted in the 

transformation of metal-based nano/micro-particles to single atoms as illustrated in Figure 2.7e. 

This transformation was explained in three main mechanistic steps, initially, the metal 

nano/microparticle’s diameter increases gradually at elevated temperature (900°C) which led to 

reducing the nano/microparticle number due to the coexistence of atomization and sintering. With 
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raising the temperature to 1000°C, the rate of either atomization or sintering rapidly increases, 

whereby these metallic nano/microparticles are supposed to disappear/vaporize at such elevated 

temperatures, followed by the diffusion of the mobile M-atoms through the MOF skeleton and 

associated to the N-defects existed in the carbon structure to form SMAs. Another approach to 

produce SMAs is through the electrochemical activation70 as shown in Figure 2.7d, however, this 

methodology has not been investigated by other researchers to date.  

2.8.4 Structure-performance relationship of SMA in CO2R 

The nature of the coordination elements and active sites are the two key factors that impact the 

behaviour of single-metal atom electrocatalysts in CO2 electroreduction.  

2.8.4.1 Impact of the nature of active sites 

Product selectivity during CO2R relies mainly on the characteristics of the active sites. Commonly, 

the structure of the SMAs is identified as a metal atom coordinated to 4 pyridinic-N from the 

carbon skeleton. 

Ni-single atoms electrocatalysts in CO2R 

One of the most investigated SMAs in CO2R is Ni-based SMAs whereas the major product is 

carbon monoxide (CO). Initially, Lie et al 71  investigated exclusive Ni-pyridinic-N4 sites for CO2R 

as shown in Figure 2.8a. They confirmed the presence of single Ni sites by extended X-ray 

absorption fine structure (EXAFS) measurements and tried to visualize them using high-angle 

annular dark-field STEM (HAADF-STEM) images (Figure 2.8b). The group claimed that HER 

was suppressed significantly which is contrary to Ni-based nano/microparticles behaviour that 

favours HER over CO2R. They also carried out DFT calculations to obtain more insights into their 

developed materials. Their findings revealed a more positive value of the thermodynamic 
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potentials for carbon dioxide reduction and H2 evolution (UL(CO2) − UL(H2)) on Ni−N4−C, 

suggesting a suppression of the competitive HER and high catalytic performance for CO2 

conversion to CO. They also found that Ni−N4−C favors *COOH formation which enhances the 

production of CO (Figure 2.8c). They verified their prediction experimentally and obtained near 

unity CO production at 28.6 mA/cm2 at -0.81V vs RHE, which is better than the state-of-the-art 

catalysts such as Ag and Au using the same electrochemical setup. 72, 73 Bi et al. and Cheng et al. 

have developed Ni2+@NG and Ni2+ on N-doped carbon nanotubes SMAs for CO2R, respectively.74, 

75 They also obtained very high selectivity towards CO production. Both studies have significantly 

different Ni loading in the developed catalysts, Cheng et al. have 20 ± 4 wt% Ni content while Bi 

et al. content is less than 1 wt%. Surprisingly, both catalysts have similar activities, suggesting that 

some of the generated Ni-SMAs were not catalytically active for CO2R. Ni-SMAs demonstrate 

improved catalytic activity towards CO production compared to pristine carbon materials due to 

the lower interfacial charge-transfer resistance of Ni-SMAs as illustrated in Figure 2.8d, which 

significantly enhances the kinetics of CO2 electroreduction. Generally, most of the developed Ni-

based SMAs electrocatalysts display stable Faradaic efficiencies and current densities for up to 10 

hours without the observing aggregation of Ni-SMAs to Ni-nano/microparticles. It also worth 

mentioning that Ni2+ sites showed better selectivity towards CO during CO2R compared to Fe2+ 
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and Co2+ metal sites. This phenomenon was linked to the strong binding between the Co2+ and 

Fe2+ metal sites, and CO molecules, resulting in surface poisoning and favouring HER.   

Figure 2-8 a) Ni K-edge EXAFS measurements of Ni–N4–C (inset is their proposed structure); 

b) Ni−N4−C HAADF-STEM image; c) Ni−N4−C and N−C free energy diagram of CO2 
reduction calculated by DFT. d) Comparison of Nyquist plots of Ni2+@NG and N-doped 

graphene. Reproduced with permission from reference50. 

 

2.8.4.2 Impact of the N coordination environment  

The local coordination environment displays a significant impact on the activity, 

selectivity, and stability of the developed electrocatalysts. While the configuration of M–N4 with 

a pyridinic–N site is very common in most of the developed SMAs, however, other configurations 

such as M–N4 with different types of N (graphitic or pyrrolic) and M–NX–C4–X have been 
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investigated. For instance, Ni-N3C SMA electrocatalysts have been developed by Zhao et al and 

exhibited 71% of CO selectivity at a current density of 10.48mA/cm2 at -1.0V vs RHE. These 

findings are significantly lower than those resulting from Ni-N4 configuration, illustrating the 

impact of the coordination environment on the overall activity of the developed catalysts in 

CO2R.76 Furthermore, researchers started to examine the impact of other N-types on the catalyst 

performance during CO2R. They found that M-pyrrolic-N4 coordination exhibits improved 

selectivity towards C2+ products compared to producing CO over M-pyridinic-N4. 

2.8.5 Reaction Mechanism of CO2R on SMAs 

Generally, extensive efforts have been exerted to investigate the CO2 electroreduction 

mechanism by either computational DFT77-80 methods or in-situ spectroscopic tools such as in-situ 

IR and Raman.81-84 However, a distinct understanding of some mechanistic pathways and reaction 

intermediates is still required. The electroreduction of CO2 to C2+ products has three possible 

bonding formations, which includes O–H, C–H hydrogenation, and C–C coupling which is 

considered the most critical step in this reaction. Several mechanisms have been hypothesized for 

the coupling of C–C, for instance, the formation of *OCCOH OR *OCCHO through the coupling 

of *CO with hydrogenated *CO such as *CHO or *COH. Other mechanisms also proposed such 

as *CO dimerization and the formation of *OCCO, generating *HOCCOH through the coupling 

o hydrogenated *CO, and the formation of *HCCH, *CC, and *H2CCH2 by the coupling of 

deoxygenated carbonaceous intermediates (*CH, *C, *CH2). Despite the intensive research that 

has been done on investigating C–C coupling step, however, it is still the most debatable 

mechanistic step in CO2R. On the contrary, hydrogenation steps including C–H and O–H 

formation have been well–proposed to two distinct mechanistic pathways.85 The first mechanism 

suggested the presence of electrons and water molecules results in generating hydrogen (Eley-
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Ridal mechanism). The other one proposed that the *H species adsorbed on the catalyst surface is 

the reactant (Langmuir-Hinshelwood mechanism). Following this mechanism, an increased 

number of active sites is required to provide *H, while in the Eley-Ridal mechanism, the electrolyte 

provides the hydrogen. CO2 reduction mechanistic pathways are commonly divided into C1 and 

C2+ products, C1 pathway includes formate and CO pathways, while C2+ goes through C-C 

coupling of *CO species. In most studies, it was hypothesized that producing formate results 

through the formation of *HCOO intermediate, which bounds via oxygen atoms to the catalyst 

surface. Thus, targeting formate production demands the presence of two adjacent sites with the 

same intrinsic characteristics for oxygen desorption. However, this might be challenging for SMAs 

where the active site is only one single metal atom bonded to different coordination elements (N, 

S, or O), while for those SMAs that produce formate, it was proposed that the key intermediate 

*CHOO configuration is different on the surface from traditional electrocatalysts. Also, it was 

demonstrated that for the first step of hydrogenation, the source and availability of *H on regular 

catalyst surfaces are governed by the electrolyte pH. As the polarity of the O–H and C–H bond is 

different, it was found that the electrolyte H+ protons are less favored than the surface hydrogen, 

which consequently limits the ability of SMAs to produce formate. 121 On the contrary, producing 

CO during CO2R is regulated by the intermediate *COOH formed via the mechanism of a proton-

coupled electron transfer (PCET),86 these species are bounded to the surface of the catalyst through 

C atoms. Afterwards, *CO species are formed via further hydrogenation of *COOH intermediate, 

the adsorption energy of these species on the catalysts controls whether they will undergo further 

reduction or desorb from the catalyst surface and produce CO. The catalytic activity of different 

metal catalysts is associated with the energy of adsorption of *CO on the metal sites through the 

scaling relationships.87 *CO species were found to have strong adsorption energy on Pt and Ni, 
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leading to poisoning the active sites and enhancing the HER over CO2R. On the contrary, *CO 

species are weakly bounded to the Au and Ag surfaces which favors the CO2R and suppress HER, 

also, there are some metals that have intermediate *CO adsorption energy such as Cu which 

enables it to undergo further reduction and form C2+ products. On the other hand, SMAs – which 

have an undercoordination nature, leading to significant changes in their electronic structures –

exhibit different scaling relationships and adsorption energies compared to bulk metal catalysts. 

Further, the CO2R reaction mechanism and reaction energies of SMAs are not similar to the 

traditional metallic catalysts, most probably because of their distinct electronic structure. This 

difference impacts the overall performance and the catalytic activity of the catalysts in CO2R. For 

example, under CO2R conditions, Pt, Fe, and Ni bulk metals revealed poor activity towards CO2R 

while favoring HER.88 In contrast, HER is significantly suppressed when using SMAs derived 

from the same metals while CO and formate are generated. Further, metallic Cu is commonly 

employed for hydrocarbon production, however, it was demonstrated that Cu SMAs are favoring 

CO formation and inhibiting the generation of C2+ products.89 

2.8.6 Suppression of hydrogen evolution reaction on SMAs 

Under CO2 reduction conditions, hydrogen evolution reaction is the competing reaction 

and is commonly derived by various metallic electrocatalysts such as Co, Fe, and Ni. However, 

the employment of SMAs in CO2R has revealed significant suppression of the competing HER. 

Two different mechanistic pathways are proposed for HER, which include Volmer−Heyrovsky 

and Volmer−Tafel pathways.90 Initially, a Volmer reaction of a proton is provided by the 

electrolyte and an electron is driven, followed by the formation of *H adsorbed on the catalyst 

surface. Secondly, either Tafel's or Heyrovsky's mechanisms are applicable to the next reaction 

steps. In Tafel, another PCET step proceeds whereby a solvated proton provided by the electrolyte 
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interacts with the adsorbed *H species on the catalyst surface to produce H2(g). While in the 

Heyrovsky mechanism, a new *H is formed by an interaction of the proton and electron, followed 

by a coupling reaction of the two adsorbed *H species to generate H2(g). 

           Heyrovsky 

   *H + H+ + e–                                 H2(g)                               

           Tafel 

                           *H + H+ + e–                                 2*H              H2 (g)                               

 

A report by Skuĺason et al.91 studied the HER mechanism on several metallic 

electrocatalysts using DFT calculations, their findings demonstrated the favorability of the Tafel 

mechanism over the Heyrovsky pathway, they also found that Pt – as a case study – exhibited an 

activation energy value of 0.55 eV at zero applied bias for HER through Tafel reaction, while 

Heyrovsky pathway showed higher activation energy value of 1.03 eV as illustrated in Figure 2.9a 

and b, respectively. 

Further, other metals such as. Ni, Cu, Pt, Co, and Au have been investigated and revealed 

similar behaviour of favoring the Tafel pathway over Heyrovsky for HER. In SMAs, the presence 

of two adjacent active sites is precluded, leading to the exclusion of the Tafel pathway and enabling 

only the Heyrovsky mechanism with the large activation energy barrier, that results in suppressing 

the HER on SMAs compared to bulk metallic catalysts. In the context of the CO2R mechanism, 

the first hydrogenation step can follow either Tafel or Heyrovsky pathways to generate the *COOH 

intermediate, whereas the latter mechanism has more applicability on SMAs derived catalysts. A 

recent study has used computational measurements to assess a metallic Fe catalyst and a porphyrin-
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like Fe single-atom catalyst for both mechanisms.90 Their results showed that Volmer−Tafel is the 

leading mechanism of metallic Fe towards HER, while the Volmer−Heyrovsky mechanism was 

dominant to drive HER as shown in Figure 2.10, which consequently limited HER on porphyrin-

like Fe single-atom catalyst. 

                                                 Tafel                                             Tafel 

CO2 + *H                               *COOH + *H                               CO (g) 

                                              Heyrovsky                                         Heyrovsk 

CO2 + *H+ +e–                                    *COOH + H+ +e–                              CO (gas) 

 

 

Figure 2-9 (a) HER activation barrier, Ea, on Pt(111) via the Tafel reaction as a function of the 

reaction energy, ΔE. Χ = 0.02. (b) HER activation barrier, Ea, on Pt(111) via the Heyrovsky 

reaction as a function of the reaction energy, ΔE. Χ = 0.15. Reproduced with permission from 

ref. 91 
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Figure 2-10 A schematic diagram illustrates the porphyrin-like structure (right) and the metal 

surface (left). Reproduced with permission from ref.90 
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3. Chapter | Impact of Nickel Content on the Structure and Electrochemical 

CO2 Reduction Performance of Ni–N–C Catalysts 
 

In this Chapter, a zeolitic imidazolate framework (ZIF-8) has been employed to derive Ni-

N-C electrocatalysts. Initially, a systematic study has been performed to identify the role of the Ni 

content doped into the ZIF-8 substrate during synthesis on the structure and performance of the 

produced Ni-N-C materials for CO2R. Our results demonstrated that, by increasing the Ni 

concentrations in the mixed mixture of ZIF-8 impregnated with Ni, Ni nano/microparticles were 

formed which directed the electrocatalytic selectivity towards HER. Whilst the formation of 

atomically dispersed Ni-Nx/C active sites has preferred the reduced Ni contents. Following this 

systematic study, a selectivity of CO of ca. 99% FE has been achieved at an applied potential of -

0.68 V vs RHE. These findings have been published in ACS applied energy materials as illustrated 

in the following section. 
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3.1   Abstract 

Electrochemical conversion of CO2 affords a sustainable route to produce chemicals and fuels 

from renewable sources of electricity. Nickel-nitrogen-carbon (Ni-N-C) materials have shown 

promise in terms of activity and selectivity towards the electro-conversion of CO2 into CO, a 

feedstock widely used in the chemical sector. Ni-N-C catalysts, postulated to be comprised of 

catalytically active atomically dispersed Ni-Nx/C sites, are commonly prepared by pyrolyzing a 

mixture of transition metal, nitrogen and carbon containing precursors. Herein, we use a zeolitic 

imidazolate frameworks (ZIF-8) — a subclass of MOF — as a platform for synthesizing Ni-N-C 

electrocatalysts. We systematically investigate the role of the Ni concentration impregnated into 

the ZIF-8 precursor structure during synthesis on the overall structure and performance of the 

resulting Ni-N-C catalysts for electrochemical CO2 reduction. Our findings show that increased 

Ni contents in the catalyst precursor results in the formation of Ni-containing particles that increase 

the catalytic selectivity towards the competing hydrogen evolution reaction, whereas reduced Ni 
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contents preferentially forms atomically dispersed Ni-Nx/C active sites dispersed in heterogeneous 

carbon structures consisting of carbon nanotubes and carbonaceous particles. As an optimized 

concentration of Ni in the precursor mixture, we demonstrate a CO2 reduction selectivity towards 

CO of ca. 99% Faradaic efficiency at an applied potential of –0.68 V vs the reversible hydrogen 

electrode 

3.2   Introduction 

Intense reliance on fossil fuels as the major global energy source has resulted in an 

unprecedented increase of carbon emissions and CO2 concentration within the atmosphere. 

Consequently, serious temperature variations have been recorded leading to drastic weather 

patterns, along with habitat and agricultural land disturbances that are expected to get more 

precarious in the near future.1, 2 Scientists and engineers are therefore devoting significant efforts 

to develop alternative and sustainable energy technologies and processes to reduce our dependence 

on fossil fuels.3 One promising process under development is the conversion of carbon dioxide 

into fuels and chemicals,3-6 which can be done by thermochemical, photochemical and 

electrochemical means. In particular, the electrochemical approach provides some advantages7-16 

in that renewable energy sources such as wind, solar or hydro can be used to produce the electricity 

that drives the conversion of CO2 into valuable carbon-based fuel and chemical products. 

Additionally, the electrochemical CO2 reduction (CO2R) reaction can be conducted at near-

ambient conditions,17-19 circumventing the need for sophisticated or energy intensive plant designs. 

Efficient CO2R technologies rely on the availability of high performance and inexpensive 

catalysts — a lofty goal that researchers across the globe have been pursuing for several decades 

and with heightened interest over the past 5-10 years.20, 21 In terms of CO2R catalyst development, 
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there are several challenges that must be addressed. First, CO2 molecules can be electrochemically 

reduced into many (15+) different carbon-based compounds, including hydrocarbons or 

oxygenated species. Therefore, catalyst material should ideally have high selectivity towards just 

one or a select few products to avoid the need for costly and energy intensive separation processes. 

The catalyst should also possess several key features, including high activity towards the 

product(s) of interest, along with long-term operational stability and low cost.22 To this end, a 

variety of different nature-derived, 23-26 heterogenous,3, 27 and  homogenous molecular catalysts 28-

30 have been explored for application towards CO2R. Nature-derived and homogenous 

electrocatalysts can provide high selectivity along with (theoretically) 100% metal utilization. 

However, these electrocatalysts commonly require electron-transfer driven regeneration and 

would require separation from the formed CO2R product(s). On the other hand, heterogeneous 

catalysts can provide high electronic conductivity and are immobilized on solid electrode 

structures, but developing heterogeneous catalysts with high selectivity towards one particular 

product has been a challenging endeavor. Atomically dispersed metal-nitrogen-doped carbon (M-

N-C) electrocatalysts represent an interesting class of materials that can couple several of the 

advantages of both homogeneous and heterogeneous catalyst materials to achieve high selectivity 

with easy recovery and high stability.31 Their hypothesized atomically dispersed M-Nx/C 

structures that are analogous to metal-centered molecular catalysts can provide good activity and 

selectivity,32, 33 and their active site structures are immobilized in a graphitic support that can 

provide facile electron transport and stability.  

M-N-C electrocatalysts can be synthesized by straightforward processes that generally 

involves pyrolyzing a mixture of carbon, metal salt, and nitrogen containing precursors.34-36 This 

type of catalyst rose to prominence in the fuel cell community with Fe-N-C being the most active 
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non-platinum group metal catalyst reported to date, with significant efforts devoted to identifying 

the catalytically active sites in these catalysts and developing structure-property-performance 

relationships.31, 32, 37-39 In M-N-C electrocatalysts it is postulated that atomically dispersed active 

sites (M-Nx/C) are formed by metal-ion coordination with nitrogen-dopant atoms within a 

graphitic carbon architecture.40-44 Leveraging this insight from the fuel cell community, 

researchers have investigated M-N-C catalysts for the electrochemical CO2R with both theoretical 

and experimental approaches.31 In an early investigation, Tripkovic et al.45 computationally 

investigated various metal-centred M-N-C catalysts for their activity towards CO2R. Their results 

demonstrated the promise of these materials towards the electrochemical CO2R and indicated that 

the generated activity and selectivity is mainly depending on the metal center. Strasser et al.46 

investigated various types of metal centers in M-N-C catalysts (Mn, Fe, Co, Ni, Cu) for the CO2R 

through computational and experimental methods. Their findings postulated that this class of 

materials consists of M-Nx/C active site structures, and the identity of the active metal center 

impacts the binding energies with reactive species. These binding energies and the resulting 

reaction energetics were used to explain the CO2R selectivity trends towards CO or H2, and even 

the production of small amounts of CH4.  

Interest in M-N-C electrocatalysts for CO2R has continued due to their promising electro-

catalytic performance in addition to that fact that they can be synthesized from inexpensive, earth 

abundant precursor materials using relatively straightforward synthetic techniques. Although 

several M-N-C (where M=Fe, Co, Mn, Ni) catalysts have been investigated for CO2R31, 33, 47-52, 

Ni-N-C has been demonstrated as one of the most promising due to its superior selectivity and cost 

effectiveness. Atomically dispersed Ni-Nx/C sites, in particular, were identified to be highly 

selective towards CO while inhibiting the competing hydrogen evolution reaction (HER).46 
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Among the different precursors used for the synthesis of Ni-N-C catalysts, metal organic 

frameworks (MOFs) are attractive as they have well-ordered structures and high surface area to 

volume ratios, while also being tunable in terms of pore size, metal-metal distances and the 

chemical structure of the connecting ligands.53, 54  

Recently, studies have focused on the preparation of Ni-N-C catalysts using MOF 

precursors as a platform in the hope that the structural features of MOFs, including their high 

porosity and well-distributed species (including transition metal ions), could be translated to the 

resulting structure of Ni-N-C catalysts with high surface areas concentration of accessible 

atomically dispersed Ni-Nx/C sites. 55, 56 For instance, MOF-74 — a sub class of MOF with metal 

ion sites coordinated by 2,5 dihydroxy terephthalic acid — has been used to prepare Ni-N-C 

structures with a Faradaic efficiency towards CO of 98% at -0.8 V vs RHE.57 Zeolitic imidazole 

framework (ZIF)-8, a subclass of MOFs generated from the self-assembly of Zn2+ with 2-

methyimidazole has also been used as a precursor, whereby Ni2+ was included during the ZIF-8 

self-assembly and reacted with the nitrogen/carbon in the imidazolate ligands during high 

temperature pyrolysis to form active sites resulting in a Faradaic efficiency of 95% towards CO at 

-0.54 V vs RHE.56 Although ZIF-8 has successfully been used as a precursor to produce selective 

Ni-N-C electrocatalysts for CO2R, the impact of impregnated Ni concentration on the structure of 

the Ni-N-C catalyst and resulting electrochemical CO2R activity and selectivity is still under 

investigated. 

  In this report, we conducted a systematic study to understand the influence of Ni content 

used during synthesis of Ni-N-C catalysts from Zn2+ impregnated ZIF-8 precursors. We find that 

using relatively lower Ni contents during synthesis resulted in high activity and selectivity towards 

CO, likely due to the formation of atomically dispersed M-Nx/C sites within heterogeneous catalyst 
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structures consisting of carbon nanotubes and carbonaceous particles. Particularly, at the lowest 

Ni concentration investigated in this work, the resulting Ni-N-C catalyst exhibited a Faradaic 

efficiency of 99% towards CO at an electrode potential of -0.68 V vs RHE and current density of 

-1.6 mA/cm2. At increased Ni contents, the formation of significant amounts of Ni-based particles 

were observed, concomitant with increasing catalytic selectivity towards the competing hydrogen 

evolution reaction. Nevertheless, in this research, we’re monitoring the impact of the Ni content 

inside the developed Ni-N-C catalysts on the structure/property of the produced catalysts and 

consequently correlating this impact on the obtained CO2R performance. 

3.3   Materials & Methods 

3.3.1 Materials 

Zn(NO3)2.6H2O, 2-methylimidazole, Ni(NO3)2.6H2O, KHCO3, a 5wt.% Nafion solution in 

isopropanol, isopropanol, methanol, n-hexane and graphite foil were purchased from Sigma 

Aldrich and used without further purification. Type 1 ultrapure water (< 10 ppb TOC; > 18 MΩ-

cm) was used for all experiments. 

3.3.2 Synthesis of Zeolitic Imidazolate Frameworks (ZIF-8) 

0.558g of zinc nitrate hexahydrate was dissolved in 15mL of methanol until complete 

dissolution. Then, 0.616g of 2-methyl imidazole was dissolved in 15mL of methanol and was 

added to the previous solution. The whole mixture was kept under continuous stirring for 12 hours 

at 35 °C. The obtained white precipitate was washed and separated using centrifuge at 10,000 rpm 

for 20 minutes. The formed white paste was dried at 65 °C for 6 hours.  
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3.3.3 Synthesis of Ni-N-C catalysts 

To prepare Ni-N-C catalysts, 100 mg of ZIF-8 was first completely dispersed in 10mL of 

n-hexane. Then, an aqueous solution of Ni(NO3)2.6H2O (50mg/0.5 mL) was injected into the ZIF-

8 suspension to impregnate the ZIF-8 with the Ni salt precursor [Ni:Zn atomic ratio of (0.5:1)].  

This mixture was kept under continuous stirring for 3 hours. The obtained green precipitate was 

separated by filtration, and the resulting light green paste was dried at 65 °C for 6 hours. The 

powder was then collected and pyrolyzed at 1000 °C for 2 hours in a tube furnace under constant 

Ar flow. Three additional Ni:Zn atomic ratios were prepared by injecting (100 mg/1 mL), (200 

mg/2 mL), and (400 mg/4 mL) of an aqueous Ni(NO3)2 solution into the ZIF-8 suspension to 

achieve (1:1), (2:1) and (3:1) Ni:Zn atomic ratios in the precursors, respectively. These different 

Ni:Zn atomic ratios (0.5:1), (1:1), (2:1), and (3:1) will be referred here as a-Ni-N-C-, b-Ni-N-C, c-

Ni-N-C, and d-Ni-N-C, respectively. 

3.3.4 Material Characterization 

To investigate the morphology and composition of the synthesized electrocatalysts, high 

resolution transmission electron microscopy (HRTEM), and high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) imaging along with electron energy 

loss spectroscopy (EELS) mapping were carried out in the Canadian centre for electron 

microscopy (CCEM) using a FEI titan operating at 300 KeV. Powder X-ray diffraction (PXRD) 

analysis was performed at McMaster analytical X-ray diffraction facility (MAX), using Cu Kα 

radiation to investigate the crystallinity of the synthesized catalysts. X-ray photoelectron 

spectroscopy (XPS) measurements were conducted at biointerfaces institute (BI) at McMaster 

university using a PHI Quantera II scanning XPS microprobe to evaluate the near-surface chemical 

compositions and chemical bonding environments of the synthesized materials. 
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3.3.5 Electrode preparation 

The pyrolyzed Ni-N-C black powder was carefully grinded by a mortar and pestle prior to 

use. A homogenous ink was prepared by dispersing 10 mg of the active materials in a 2 mL mixture 

of (3:1) isopropanol:water, along with the addition of 110 µL of a 5wt.% Nafion solution. 

Afterwards, the homogenous ink was drop-casted on a graphite foil and kept at 65 °C for 2 hours 

to dry.  

3.3.6 Electrochemical Characterization 

Investigating the electrochemical CO2R activity and selectivity of the Ni-N-C catalysts was 

conducted using a custom-built two compartment electrochemical cell reported on previously21 

that was developed to evaluate the activity and selectivity of catalysts for CO2R. A Selemion anion 

exchange membrane (Selemion AMV, AGC Inc.) was utilized to separate the anolyte and catholyte 

chambers in the electrochemical cell, whereby the anolyte and catholyte chambers were each filled 

with 9 mL 0.1 M KHCO3. A mass flow control unit (MKS Instrument) was used to control the 

CO2 flow to be 20 sccm through the catholyte during the course of the reaction. A Pt foil was used 

as the counter electrode and an Ag/AgCl connected to the catholyte chamber by a Luggin capillary 

was used as the reference electrode. A Biologic VSP-300 potentiostat was used to carry out all the 

electrochemical measurements and all potentials were measured vs Ag/AgCl and converted 

afterwards to RHE using the equation V vs RHE = V measured vs. Ag/AgCl + 0.197 + 0.059*6.8 (pH of 

electrolyte). In order to quantify the gaseous phase products, the effluent from the electrochemical 

cell was connected directly to the sample loop in gas chromatography unit (GC, supplier: SRI, 

model: 8610C in the Multi-Gas configuration #5), with 1 mL of the gas injected at various times 

throughout the course of the experiments.  
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3.4   Results & Discussion 

Initially, ZIF-8 was synthesized according to previous reports58 and exhibited a uniform 

rhombododecahedral crystal shape with an average of 150-200 nm size distribution (Figure S1). 

The synthesis procedure and postulated structural transformations occurring during each step of 

Ni-N-C catalyst preparation are illustrated in Figure 3.1 and Figure S2. Prior pyrolysis, the 

impregnation of Ni2+ ions into the porous structure of ZIF-8 has been derived by physical 

adsorption. During the pyrolysis of Ni(NO3)2 impregnated ZIF-8 at 1000 °C, the ZIF-8 structure 

decomposed and a certain degree of graphitization occurs, most likely consisting of nitrogen-doped 

carbon owing to the presence of nitrogen present in the imidazole linkers. These nitrogen-doped 

carbon sites have been proposed as likely anchoring sites for Ni2+ species to form atomically 

dispersed Ni-Nx/C active sites that are characteristic of M-N-C catalysts.33, 46 Zn has a boiling 

point of ca. 910 °C mostly escape from the structure during pyrolysis, which has been 

demonstrated previously to result in porosity of the catalyst 59 and produce a structure with N-rich 

defects60 that can likely anchor the nearby Ni2+ species. For Ni-N-C catalysts, the local 

coordination environment of the atomically dispersed Ni-Nx/C active sites has been under debate 

in the literature,57, 61, 62 whereby in the Ni-Nx/C sites x could be 1, 2, 3 or 4 as shown in Figure 

3.1. Ni-N-C catalysts with four different Ni:Zn atomic ratios as well as a Ni-free catalyst 

(pyrolyzed ZIF-8) were prepared and characterized using physical and chemical characterization 

techniques to understand the impact Ni loading had on the structure and properties.  
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Figure 3-1 Schematic diagram illustrates the formation of Ni-N-C catalyst. 

 

Figure 3.2a-h, and Figure S3a-h provide TEM images at a different magnification of Ni-

N-C catalysts prepared with varying Ni:Zn atomic ratios, while Figure S7 illustrates the EDS 

mapping of the same catalysts, alongside TEM images of Ni-free pyrolyzed ZIF-8 for comparison 

shown in Figure 3.2j-k. The Ni-N-C catalysts showed a heterogeneous distribution of structures 

consisting of both carbon nanotubes (CNTs), carbon-based particle structures with sizes ranging 

from ca. 100 nm to several micrometers, and dark Ni-based particles with diameters ranging from 

a few nm to ~100nm. The ability of Ni to catalyze the growth of CNTs 63 is the likely reason CNTs 

are observed in the Ni-N-C catalysts and not in the pyrolyzed ZIF-8. As the content of Ni in the 

catalyst precursors is increased a lower proportion of CNTs is observed in the final catalyst 

structure. The successful nucleation of CNTs relies not only on the Ni content, but also on other 

various factors including morphology, composition, crystal facets, and synthetic conditions. 
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Therefore, the impact of the progressive increase of Ni content in the developed atomically 

dispersed Ni-N-C catalysts has not demonstrated a similar enhancement of the formed of CNTs.64-

66. In the a-Ni-N-C catalyst prepared with a Ni:Zn ratio of (0.5:1), very few Ni-based nanoparticles 

are observed distributed throughout the structure (Figure 3.2b). With an increase in the Ni content 

used during catalyst synthesis, an increasing number and increased size of Ni-based nanoparticles 

were observed in the Ni-N-C catalyst structures. This could potentially be due to a saturation point 

being reached for the formation of atomically dispersed NiNx/C active sites47 and a propensity for 

Ni agglomeration at increased concentrations. HRTEM imaging (Figure S4) demonstrated that 

the Ni-based nanoparticles observed in the samples were covered by a thin graphitic layer, likely 

due to the ability of Ni to catalyze the formation of graphitic carbon structures.47 The structure of 

the a-Ni-N-C catalyst imaged by STEM-HAADF is provided in Figure 3.3a, along with a higher 

resolution image in Figure 3.3b. The higher resolution image showed bright spots (indicated by 

arrows), indicating the presence of single atoms of an element with a higher Z-number than the 

carbon matrix. These spots are likely due to single Ni atoms dispersed throughout the catalyst 

structure, although detailed high resolution spectroscopic measurements (i.e., EELS) of this 

particular location would be necessary to confirm the identity of these single atoms as 

demonstrated previously,33, 37 which requires advanced instrumentation and capabilities that are 

outside the scope of this work. However, STEM-EELS chemical imaging was done to characterize 

the atomic distributions of Ni, N and C within the catalyst structures (Figure 3.3c), which 

demonstrated a homogeneous dispersion of all three elements, suggesting that Ni-species were 

distributed throughout the nitrogen-doped carbon framework of the a-Ni-N-C catalyst. Also, 

developing techniques to accurately quantify the number of surface accessible Ni-Nx/C catalysts 

in these types of catalysts remains a scientific opportunity. 
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PXRD measurements to investigate the crystalline features of the Ni-N-C catalysts (b-Ni-

N-C, c-Ni-N-C, and d-Ni-N-C) are presented in Figure 3.3d. The PXRD spectra of the ZIF-8 

precursor showed several peaks with a spectral pattern consistent with those reported previously 

for ZIF-8 materials.67 No additional PXRD peaks appeared after mixing the Ni2+ ions with the ZIF-

8 structure, which indicates the Ni2+ ions were simply impregnated into the ZIF-8 and did not cause 

any structural changes. For the Ni-N-C catalysts prepared with different Ni:Zn atomic ratios, no 

significant diffraction peaks were observed for b-Ni-N-C. This indicates that the Ni species present 

during synthesis did not coalesce into enough crystalline structures for detection by PXRD, and 

potentially indicates the Ni species instead formed atomically dispersed Ni ions integrated in N-C 

structure after a complete decomposition of the ZIF-8 crystalline structure. In contrast, crystalline 

diffraction peaks at 45.6°, 54.2°, and 75.8° were observed when higher Ni contents were used 

during synthesis (c-Ni-N-C and d-Ni-N-C ). These peaks are assigned to Ni(111), Ni(200), and 

Ni(220), respectively, with no peak shifts observed that would be indicative of Ni alloying with 

Zn as illustrated in Figure S6. This difference in the PXRD patterns support the results from TEM 

in that higher Ni contents used during Ni-N-C synthesis led to an increased number of Ni particles 

formed in the catalyst structure.  
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Figure 3-2 TEM images of Ni-N-C catalysts with different contents of Ni used during synthesis. 

(a,b) a-Ni-N-C, (c,d) b-Ni-N-C, (e,f) c-Ni-N-C, (g,h) d-Ni-N-C, (j,k) Ni-free pyrolyzed ZIF-8. 
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Figure 3-3 (a,b) HAADF-STEM images of a-Ni-N-C catalyst, whereby the bright spots marked 

with red arrows are likely single Ni atoms. (c) EELS mapping shows the homogenous 

distribution of the Ni, N and C throughout the a-Ni-N-C catalyst. (d) PXRD of ZIF-8, ZIF-8 

impregnated with Ni(NO3)2, and Ni-N-C catalysts prepared with different Ni contents. 

 

Brunauer−Emmett−Teller (BET) measurements were carried out on b-Ni-N-C and ZIF-8 

as shown in Figure S5. The measured specific surface area of the b-Ni-N-C catalyst was 136 m2/g, 

exhibiting a substantial decrease in specific surface area compared to ZIF-8 (1430 m2/g) that was 

used as the platform for catalyst synthesis. These results arise due to the structural changes that 

occur during the pyrolysis of Ni(NO3)2 impregnated ZIF-8 templates, including the formation of 

CNT, carbonaceous structures and Ni-based nanoparticles as observed by TEM and PXRD 

analysis.  

X-ray photoelectron spectroscopy (XPS) measurements were conducted on the four 

different ratios. By XPS, the near surface composition of the developed Ni-N-C catalysts was 

found to be ca. 70at% carbon, 16at% nitrogen, 6 at% oxygen, 3.5 at% Zn and less than 1at% Ni. 

The high-resolution N 1s spectra shown in Figure 3.4 indicates five different peaks centered as 

pyridinic-N at 398.7 eV, pyrrolic-N at 400.2 eV, graphitic-N at 401.5 eV, oxidized-N at 403.2 eV, 

and Ni–N at 399.3 eV.68, 69 Several reports have discussed the role of N-configurations on the 

obtained electrochemical activity and selectivity of CO2R, for instance, Li et al. ascribed the 

remarkably high CO selectivity of a developed Ni@N-C catalyst to the presence of Ni-N4 moieties 

compared to other Ni motifs that reveals relatively lower catalytic activity70. In contrast, Yang et 

al. have studied the activity of Ni-N3 and Ni- N4 using DFT calculations. Their findings 

demonstrate that Ni-N3 sites are more active than Ni-N4
71, opening the debate on the Ni moiety 

nature of this class of materials. In this research, owing to the ambiguity in fitting XPS peaks and 

the fact that peaks can shift due to surrounding environments, it is hard to deconvolute exactly 

what nitrogen dopants are impacting activity. Therefore, to identify the local coordination 
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environment of the atomically dispersed Ni sites, Extended X-ray Absorption Fine Structure 

(EXAFS) measurements will be carried out in the next stage of this research. The Ni 2p XPS 

spectra were deconvoluted into multiple peaks which are shown in Figure 3.5. The peak at 852.9 

eV corresponds to the 2p3/2 of metallic Ni. A major peak was dominated at 854.9 eV which is a 

higher energy than that for Ni0 (852 eV) and lower than that of Ni2+ (856 eV), indicating that Ni 

species are likely to be in low valent state. As the Ni loading increases, metallic character of the 

developed Ni-N-C catalysts increases. C 1s shows two peaks with binding energy at 285.0 eV and 

286.3 eV, which can be assigned to C-C sp2 and C-N/O respectively (Figure S8). To quantify the 

Ni content in all Ni-N-C catalysts, inductively coupled plasma (ICP) measurements were carried 

out. The obtained results are summarized in Table S2 and demonstrated 6.8% of the lowest Ni 

ratio (a-Ni-N-C). 
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Figure 3-4 N 1s XPS spectra of a) a-Ni-N-C b) b-Ni-N-C c) c-Ni-N-C d) d-Ni-N-C catalysts. 

 

 

 



Ph.D. Thesis – F. Ismail; McMaster University – Chemical Engineering 

68 
  

 

 

Figure 3-5 Ni 2p XPS spectra of a) a-Ni-N-C b) b-Ni-N-C c) c-Ni-N-C d) d-Ni-N-C catalysts. 

 
 

The electrochemical CO2R performance of the Ni-N-C catalysts synthesized with varying 

Ni contents was tested at different electrode potentials in CO2 saturated 0.1M KHCO3, with the 

results shown in Figure 3.6. CO2R testing indicated that the Ni-N-C catalysts electrochemically 

produced CO and H2. The potential window range employed in these measurements was -0.68 V 

vs RHE to -1.05 V vs RHE, which is the most appropriate potential window for CO2R. The 

Faradaic efficiencies of each catalyst towards CO are shown in Figure 3.6a, which illustrates that 

at low Ni contents used during synthesis (a-Ni-N-C and b-Ni-N-C) that near unity (99%) 
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selectivity towards CO for a-Ni-N-C and 96 % selectivity towards CO for b-Ni-N-C were obtained 

at -0.68 V vs RHE. Despite the presence of some metallic Ni particles in b-Ni-N-C sample, we 

speculate that the high selectivity towards CO for both samples is likely due to the successful 

generation of atomically dispersed Ni-Nx/C sites that have been shown as active and selective 

towards CO.33 The presence of Ni during catalyst synthesis has been demonstrated as essential for 

catalytic selectivity towards CO by testing a pyrolyzed (Ni-free) ZIF-8 as a comparison. Pyrolyzed 

ZIF-8 with zero Ni content shows very little CO2R activity and (<5%) Faradaic efficiency towards 

CO at all of the electrochemical potentials investigated (Figure S9-a and 9-b), suggesting that Zn 

does not play a significant role in the CO2R activity of Ni-N-C and that Ni is essential for achieving 

selectivity towards CO. Furthermore, no evidence of Zn alloying with Ni was observed in the 

catalyst, further indicating Zn does not have a significant impact on the observed catalysis. When 

higher Ni contents were used during Ni-N-C synthesis, a significantly lower Faradaic efficiency 

towards CO of 69% was observed for c-Ni-N-C at -0.68 V vs RHE, with partial current densities 

towards CO for all catalysts shown in Figure S9-c. We attribute this to the formation of metallic 

Ni particles in the catalyst structure as indicated by TEM and PXRD. While c-Ni-N-C likely 

contains Ni-Nx/C sites that are responsible for the production of CO that is observed, metallic Ni 

is known to produce H2 under CO2R conditions 18 and are likely responsible for the increase in 

Faradaic efficiency towards H2 that is observed (Figure 3.6b). Although HRTEM indicated that 

many of the Ni particles observed in the catalyst are covered by a graphitic shell that would 

presumably limit electrolyte/reactant access, it is likely that not all of the Ni particles are 

completely coated, giving rise to the decrease in CO selectivity observed. This hypothesis is 

supported by electrochemical CO2R testing results for d-Ni-N-C, which was synthesized using the 

highest Ni content. d-Ni-N-C showed very limited (<10%) Faradaic efficiency towards CO, 
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producing almost exclusively H2 through the competing hydrogen evolution reaction. We attribute 

this to the significant content of Ni particles observed in this catalyst sample. These trends 

observed during electrochemical CO2R testing are shown in Figure 3.6d, which depicts the 

correlation between the content of Ni used during Ni-N-C catalyst synthesis and the selectivity 

towards CO or H2 at -0.68 V vs RHE. For a-Ni-N-C, b-Ni-N-C and c-Ni-N-C the Faradaic 

efficiency towards CO was found to steadily decrease (Figure 3.6a) while the Faradaic efficiency 

towards H2 increased (Figure 3.6b) with more negative electrode potentials. This is consistent 

with a previous report whereby the selectivity towards CO for Ni-N-C catalysts reached a 

maximum at ca. -0.7 V vs RHE,46 and this shift in selectivity is likely due to shifting reaction 

energetics towards the CO2R and competing hydrogen evolution reaction. To investigate the 

impact of acid leaching on the electrochemical CO2R performance of the developed c-Ni-N-C and 

d-Ni-N-C catalysts which comprise a large portion of Ni-based particles, both samples have been 

immersed in 1M nitric acid at room temperature for two hours, followed by careful washing with 

Millipore water. The electrochemical CO2R performance of both samples were improved to 

achieve CO selectivity of 81% at -0.88 V vs RHE and 65% at -1.03 V vs RHE for c-Ni-N-C and 

d-Ni-N-C respectively as illustrated in Figure S10. Nevertheless, the obtained CO2R performance 

after acid wash is still poorer than a-Ni-N-C and b-Ni-N-C catalysts which contain mainly 

atomically dispersed Ni sites. Further investigations have been devoted by testing a very low Ni 

content in (0.25:1) Ni:Zn atomic ratio referred as e-Ni-N-C, however, a maximum Faradaic 

efficiency of 84% towards CO at -0.88 V vs RHE was obtained (Figure S11), emphasizing that 

reducing the Ni content less than (0.5:1) ratio has likely decreased the number of available active 

sites for CO2R and indicating that the optimum Ni:Zn atomic ratio is likely around (0.5:1).The 

obtained Faradaic efficiency of the formed gas products was ca.100% at most of the applied 
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potentials, which demonstrates that the selectivity of the developed atomically dispersed Ni-N-C 

catalysts is mainly towards the generation of gas phase products. Evaluating the stability of the 

developed Ni-N-C catalysts will be performed in the next steps of this research using membrane 

electrode assembly electrolyzer. With promising CO2R activity and selectivity shown for Ni-N-C 

catalysts in this work, integrating these well-performing materials into high current density 

electrochemical devices will be necessary for developing competitive industrial-scale 

electrochemical systems for CO2R. 

Figure 3-6 The electrochemical performance of the as-synthesized Ni-N-C catalysts, a) the 

obtained CO FE %, b) the obtained H2 FE %, c) current density (mA/cm2) at different potentials, 

and d) correlation between Ni:Zn atomic ratio and the produced CO and H2 at -0.68 V vs RHE. 

 



Ph.D. Thesis – F. Ismail; McMaster University – Chemical Engineering 

72 
  

3.5   Conclusion 

In summary, the influence of the Ni content inside a series of Ni-N-C electrocatalysts 

derived from Ni2+ impregnated ZIF-8 precursors on the structure and electrochemical activity and 

selectivity for CO2R has been investigated. It was found that increasing the Ni concentration used 

during synthesis resulted in the formation of Ni-based particles in the Ni-N-C that shifted 

selectivity towards HER rather than CO2R, consequently decreasing the selectivity towards CO. 

However, by decreasing the Ni concentration used during synthesis, the generated Ni-N-C catalyst 

were able to achieve a CO Faradaic efficiency of ~99% at -0.68 V vs RHE and a current density 

of -1.6 mA/cm2. The catalyst consisted of a heterogeneous structure, including carbon nanotube 

and carbonaceous particles likely consisting of atomically dispersed Ni-Nx/C sites that provided 

the CO2R activity. The role of Zn species in the catalyst structure was determined to be negligible 

based on comparison evaluation of Ni-free pyrolyzed ZIF-8 materials. 

3.6   Supporting Information 

SEM, TEM, graphic illustrations, XPS, XRD, BET, EDS, ICP, and electrocatalytic performances 

are included in the supporting information file. 
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Figure S1 Different magnification scanning electron microscopy (SEM) images of (a-d) ZIF-8 

nanoparticles. 
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Figure S2. Schematic diagram elaborating the synthesis approach of the produced Ni-N-C single 

atoms.  
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Figure S3.  Different magnification TEM/HRTEM images of Ni:Zn different atomic ratios; (a,b) 

a-Ni-N-C, (c,d) b-Ni-N-C, (e,f) c-Ni-N-C, (g,h) d-Ni-N-C. 
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Figure S4. HRTEM images of the Ni nanoparticles present in (a,b) b-Ni-N-C,  

(c,d) c-Ni-N-C 
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Figure S5. BET measurement results, showing pore diameter distributions for (a) b-Ni-N-C and 

(b) ZIF-8. (c) BET adsorption isotherm measurements for ZIF-8 and b-Ni-N-C. 
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Figure S6: High resolution PXRD spectra of b-Ni-N-C, c-Ni-N-C, d-Ni-N-C catalysts, 

illustrating no peak shifts due to Ni-Zn alloying. 
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Figure S7. EDS mapping of all Ni-N-C catalysts developed for CO2R before and after acid 

wash. 
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Table S1 Compositional distribution of nickel, nitrogen, and carbon processed by EDS mapping 

for all Ni-N-C catalysts before and after acid wash. 

 

Catalyst  Nickel (wt.%) Nitrogen (wt.%) Carbon (wt.%) 

a-Ni-N-C 1.7 5.8 88 

b-Ni-N-C 6.7 4.9 89 

c-Ni-N-C 34 3.2 60 

d-Ni-N-C 76 1.2 20 

e-Ni-N-C 0.9 6.2 89 

c-Ni-N-C acid washed 35 4.1 55 

d-Ni-N-C acid washed 40 3.2 49 

 

Table S2 ICP-AES measurements of the developed Ni-N-C catalysts with different Ni:Zn atomic 

ratios. 

 

Catalyst  Nickel (%) 

a-Ni-N-C 6.8 

b-Ni-N-C 10 

c-Ni-N-C 16 

d-Ni-N-C 60 

e-Ni-N-C 0.5 

c-Ni-N-C acid washed 4.5 

d-Ni-N-C acid washed 5.2 
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Figure S8: C 1s XPS spectra of a) a-Ni-N-C b) b-Ni-N-C c) c-Ni-N-C d) d-Ni-N-C catalysts. 
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Figure S9. (a) CO Faradaic efficiencies, (b) total current densities for a-Ni-N-C catalyst and Ni-

free pyrolyzed ZIF-8 catalyst at different electrode potentials, and (c) CO partial current densities 

for all Ni-N-C electrocatalysts. 
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Figure S10. (a) CO Faradaic efficiencies, (b) H2 Faradaic efficiencies, and (c) total current 

densities of both c-Ni-N-C and d-Ni-N-C catalysts after acid wash. 
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Figure S11. (a) CO and H2 Faradaic efficiencies (b) total current density of 0.25:1 Ni:Zn atomic 

ratio (e-Ni-N-C). 

 

 

 

 

 

 

 

 

Calculating Faradaic Efficiencies: 

 

 

 

𝑭𝒂𝒓𝒂𝒅𝒂𝒊𝒄 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 % =
𝑴𝒐𝒍𝒆𝒔 𝒐𝒇 𝒕𝒉𝒆 𝒑𝒓𝒐𝒅𝒖𝒄𝒕 ∗ 𝒆 − 𝒑𝒆𝒓 𝒎𝒐𝒍𝒆 ∗ 𝑭 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕

𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝑰 ∗ 
𝟔𝟎

𝑭𝒍𝒐𝒘 𝒓𝒂𝒕𝒆

 

 

Where: 

 

F: Farad constant 96485 C mol-1. 

I: Average current. 

e-: Number of electrons transferred per mole, “2 electrons” in case of CO.
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4. Chapter| Atomically Isolated Ni–N–C Electrocatalysts Derived by the Utilization of Mg2+ 

ions as Spacers in Bimetallic Ni/ Mg−MOF Precursors for Boosting the Electroreduction 

of CO2 

 

In this chapter, a non-nitrogen-based MOF has been employed to derive atomically 

dispersed Ni–N–C catalysts to impart a new class of MOFs –that build from non-nitrogen-based 

organic ligands– to prepare Ni–N–C catalysts. However, maintaining the isolation of the transition 

metal species, achieving high surface concentrations of active sites, and imparting porosity during 

the high-temperature heat treatment of MOFs used during synthesis remains a challenge. In this 

report, Mg2+ ions have been employed as spacers in a bi-metallic metal-organic framework (NiMg-

MOF-74) to assist in preventing the coalescence of the Ni atoms into Ni-based particles during 

heat treatment, which combined with the use of urea as a nitrogen source resulted in the formation 

of isolated Ni-Nx/C active sites. Our findings demonstrated that Mg2+ ions play a crucial role in 

extending the distance between the adjacent Ni sites in the precursor structure and generating 

atomically isolated Ni sites. On the contrary, the utilization of Mg-free Ni-MOF-74 led to the 

formation of metallic Ni particles embedded in carbon nanotubes-based structures. Furthermore, 

we investigated the impact of pyrolysis temperature on the produced catalyst morphology. The 

generation of isolated Ni-Nx/C sites was promoted at higher pyrolysis temperatures (900°C), while 

Ni-based particles were predominantly formed at a lower temperature (700°C). The optimized 

atomically dispersed Ni-N-C catalyst exhibited excellent selectivity towards CO with a Faradaic 

efficiency of ~90% and a current density of -4.2 mA/cm2 at -0.76 V vs a reversible hydrogen 

electrode. 
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4.1   Abstract 

 
Electrochemical CO2 reduction (CO2R) is a promising avenue for the conversion of CO2 into fuels 

and beneficial chemicals. Significant efforts have been devoted to the development of active and 

selective electrocatalysts for CO2R. Atomically dispersed transition metal electrocatalysts have 

recently attracted consideration for CO2R due to their unique electronic and structural properties 

that can impart good catalytic performance and high active metal utilization. Among different 

precursors used for preparing these catalysts, metal organic frameworks (MOFs) have been utilized 

as templates for generating atomically dispersed transition metal active sites as they provide well-

defined structures that contain transition metals isolated from each other by organic ligands, along 

with high surface areas. However, maintaining the isolation of the transition metal species, 

achieving high surface concentrations of active sites, and imparting porosity during the high 

temperature heat treatment of MOFs used during synthesis remains a challenge. In this report, 

Mg2+ ions have been employed as spacers in a bi-metallic metal organic framework (NiMg-MOF-
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74) to assist on preventing the coalescence of the Ni atoms into Ni-based particles during heat 

treatment, which combined with the use of urea as a nitrogen source resulted in the formation of 

isolated Ni-Nx/C active sites. Our findings demonstrated that Mg2+ ions play a crucial role in 

extending the distance between the adjacent Ni sites in the precursor structure and generating 

atomically isolated Ni sites. On the contrary, the utilization of Mg-free Ni-MOF-74 led to the 

formation of metallic Ni particles embedded in carbon nanotubes-based structure. Furthermore, 

we investigated the impact of pyrolysis temperature on the produced catalyst morphology. The 

generation of isolated Ni-Nx/C sites was promoted at higher pyrolysis temperatures (900°C), while 

Ni-based particles were predominantly formed at a lower temperature (700°C). The optimized 

atomically dispersed Ni-N-C catalyst exhibited excellent selectivity towards CO with a Faradaic 

efficiency of ~90% and a current density of -4.2 mA/cm2 at -0.76 V vs a reversible hydrogen 

electrode. 

Keywords: MOF-derived electrocatalyst; CO2 electrolysis; Ni single atoms; metal-nitrogen-

carbon, Atomically dispersed nickel-nitrogen-carbon. 

4.2   Introduction 

The drastic increase of global carbon emissions resulting in increased atmospheric CO2 

concentration is attributed to the intensive dependence on fossil fuels as the main energy resource, 

that has resulted in serious temperature variations along with disturbances in agricultural lands and 

habitats. Scholars are devoting tremendous efforts towards the development of sustainable energy 

technologies to mitigate our reliance on fossil fuels or their associated emissions. The 

electrochemical CO2 reduction (CO2R) into chemicals and fuels is one promising approach under 

investigation.1 2, 3 Through the CO2R, renewable energy resources such as solar, wind, or hydro 

could be utilized to generate the required electricity for driving the reduction reaction. CO2R can 
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be carried out at near-ambient conditions, restraining the need for high temperature and/or high-

pressure operation.4-15 

The development of inexpensive and high-performance catalysts and their integration into 

electrode structures is the main gateway towards efficient CO2R technologies. In the context of 

catalyst development, researchers have pursued efforts to produce high performance 

electrocatalysts that can overcome the CO2R related challenges.16-19 Atomically dispersed metal-

nitrogen-doped carbon (M-N-C) catalysts, featured with an atomic level dispersion of the metal 

atoms, exhibited a remarkable electrocatalytic performance in various energy-related applications, 

particularly, CO2R, due to maximum utilization of metal sites and good electronic conductivity of 

the carbon-based supports.20-27 M-N-C materials are solid materials that combine the merits of both 

homogenous and heterogenous catalysts.28-32 The stabilization of isolated metal active sites in M-

N-C catalysts is achieved by coordination with nitrogen-dopant species to reduce their surface 

energy and prevent metal atom coalescence, whereby the local coordination environment has a 

significant influence on the electrocatalytic selectivity and activity of M-N-C in CO2R.33 Despite 

its importance,  precise control of the local coordination environment of the active site structures 

in M-N-C catalysts during synthesis remains challenging.33-36 

Metal-organic frameworks (MOFs), a class of materials with diverse compositions and 

highly porous architectures have been shown useful in several applications,37-41 including for use 

as well-defined precursors for the synthesis of materials for catalysis and energy applications.40, 42-

45 MOFs are considered an ideal platform to generate atomically dispersed M-N-C catalysts due 

to the rational and spatial separation of metal atoms at an atomic level.46-52 More specifically, it is 

possible to control the local coordination environment and structure of the atomically dispersed 

metal species in MOFs owing to the ability to precisely tailor their structures. Although efforts 
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have been devoted in this regard, most of the synthetic approaches using MOFs for generating M-

N-C catalysts are confined to the nitrogen-containing MOFs, for instance, zeolitic imidazole 

frameworks (ZIFs)46, 47, 53 and porphyrin-based MOFs.54-57 Since the nitrogen-containing MOFs 

account for only a small portion of the various MOFs in existence, developing a general strategy 

for producing atomically dispersed M-N-C catalysts based on other types of MOFs can provide 

additional levers of control during catalyst synthesis. As an example, MOF-74 is constructed by 

the coordination of 2,5-dioxido-1,4- benzenedicarboxylate ligand and various divalent M2+ ions 

such as Ni2+, Mg2+, Co2+, etc, via facile approaches.58, 59 The utilization of MOF-74 as a precursor 

for creating atomically dispersed M-Nx/C sites provides an opportunity to optimize the 

concentration and dispersion of the metal species integrated into the structure, as well as tunability 

in terms of the identity of the metals and the ability to explore a mixed-metal approach.60-62  

In our previous study, a series of atomically dispersed Ni-N-C catalysts were derived from 

ZIF-8 as a nitrogenous platform, whereby the impact of Ni content on the structure and 

electrochemical performance in each catalyst has been investigated.63 Moving forward, in this 

report, newly developed atomically dispersed Ni-N-C catalysts have been prepared through a host-

guest synthetic strategy where a bimetallic NiMg-MOF-74 was utilized as a platform as a non-

nitrogenous template to host urea molecules as the nitrogen-containing guests into its 1D channels, 

yielding a urea@NiMg-MOF-74. During the synthesis of bimetallic NiMg-MOF-74, the content 

of Mg2+ ions was optimized to surpass the Ni2+ concentration to ensure the successful isolation of 

the adjacent Ni atoms, which enabled us to achieve spatial isolation of the Ni sites in the MOF 

structure. Upon pyrolysis of the urea@NiMg-MOF-74 compound, a porous carbon structure is 

derived from the decomposition of the MOF skeleton while nitrogen atoms from urea were 

incorporated as dopants into the carbon that act as stabilizers to generate atomically dispersed M-
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Nx/C sites. The pyrolysis temperature utilized was demonstrated as a key parameter to control the 

formation of atomically dispersed Ni-Nx/C sites. Using a higher pyrolysis temperature (900 °C) 

resulted in the successful formation of atomically dispersed Ni-Nx/C sites which are favourable 

for CO2R, while at a lower pyrolysis temperature (700 °C), metallic Ni nano/microparticles were 

also produced resulting in a switch in selectivity towards the competing hydrogen evolution 

reaction (HER). The optimized atomically dispersed Ni-N-C catalysts exhibited an excellent 

selectivity towards CO in CO2R with a Faradaic efficiency of ~90% at -0.76 V vs the reversible 

hydrogen electrode (RHE) at a current density of -4.2 mA/cm2. 

4.3   Materials & Methods 

4.3.1 Materials 

Nickel nitrate hexahydrate (Ni(NO3)2.6H2O), magnesium nitrate hexahydrate 

(Mg(NO3)2.6H2O), 2,5-dioxido-1,4-benzenedicarboxylate (H4dobdc), potassium bicarbonate 

(KHCO3), nitric acid,  n-hexane, urea, ethanol (EtOH), Nafion solution 5%, isopropanol (IPA), 

dimethyl formamide (DMF), graphite foil, and Millipore water (H2O) were used in this work. All 

chemicals have been obtained from Sigma Aldrich and used without further purification. 

4.3.2 Synthesis of bi-metallic NiMg-MOF-74 

 In a typical procedure, a mixed solvent of 1mL EtOH, 1mL H2O, and 15 mL DMF was 

used to dissolve (0.001 g) of Ni(NO3)2.6H2O, (0.14 g) of Mg(NO3)2.6H2O, and (0.04 g) of 2,5-

dioxido-1,4-benzenedicarboxylate. After a complete dissolution, the mixture was kept for 24 hours 

at 120 °C. Then, the yellow NiMg-MOF-74 precipitate was collected by centrifugation and washed 

three times with acetone.  
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4.3.3 Synthesis of Ni-MOF-74 

 0.16 g of Ni(NO3)2.6H2O and 0.04 g of H4dobdc was ultrasonically dissolved in 1mL 

EtOH, 1mL H2O, and 15 mL DMF mixed solvent, and kept at 120 °C for 24 hours. The product 

was collected by centrifugation and washed three times with acetone. 

4.3.4 Synthesis of Mg-MOF-74 

 0.14 g of Mg(NO3)2.6H2O and 0.04 g of H4dobdc was ultrasonically dissolved in 1mL 

EtOH, 1mL H2O, and 15 mL DMF mixed solvent, and kept at 120 °C for 24 hours. The product 

was collected by centrifugation and washed three times with acetone. 

 

4.3.5 Synthesis of urea@bi-metallic NiMg-MOF-74, urea@Ni-MOF-74, and urea@Mg-

MOF-74 

 The as-prepared MOF products were immersed in acetone for 24 hours for solvent 

exchange. Then, to evacuate MOF channels from the solvent, 200 mg of each MOF sample was 

heated at 135 °C for 24 hours in an oven. Subsequently, the activated MOF samples were mixed 

with 1 g of urea and dissolved in 100 mL Millipore H2O. The mixture was placed in a 150 mL 

Teflon-lined autoclave, sealed and kept at 140 °C for 24 hours. The final products were centrifuged 

and rinsed with Millipore H2O after cooling down at room temperature.   

4.3.6 Synthesis of atomically dispersed Ni-N-C catalysts 

To synthesize Ni-N-C catalysts, 200 mg of urea@bi-metallic NiMg-MOF-74 sample was 

transferred to a ceramic boat and pyrolyzed in a tube furnace for 2 hours under Ar flow using a 

heating rate of 5 degree/minute at 900 °C and 700 °C to produce Ni-N-C@900 °C and Ni-N-

C@700 °C catalysts, respectively. Additionally, 200 mg of urea@Ni-MOF-74 and urea@Mg-

MOF-74 were pyrolyzed under the same conditions at 900 °C to produce NiNP-N-C and Ni free-
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N-C, respectively. After cooling down at room temperature, the solid products were collected and 

washed with 1M nitric acid three times to remove any formed MgO or labile Ni-based particles in 

the final Ni-N-C catalysts. Subsequently, the acid washed Ni-N-C catalysts were rinsed repeatedly 

with Millipore H2O until neutralization and kept at 70 °C for 12 hours for drying. 

4.3.7 Material Characterization 

Various characterization techniques were employed to investigate the morphology and 

compositions of the newly developed Ni-N-C catalysts. The crystallinity of the synthesized 

materials was identified by the utilization of powder X-ray diffraction (PXRD) analysis conducted 

at McMaster Analytical X-Ray Diffraction Facility (MAX) using Cu Kα radiation. The near-

surface chemical compositions and coordination environments were investigated by X-ray 

photoelectron spectroscopy (XPS) measurements performed at Biointerfaces Institute at McMaster 

University using a PHI Quantera II Scanning XPS Microprobe. High resolution transmission 

electron microscopy (HRTEM), and high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) imaging along with energy dispersive spectroscopy (EDS) mapping 

were carried out in the Canadian Centre for Electron Microscopy (CCEM) using a FEI Titan 

operating at 300 keV to investigate the morphology of the different Ni-N-C catalysts. 

4.3.8 EXAFS Characterization 

X-ray Absorption Spectroscopy (XAS) analysis was performed on the HXMA beamline 

061D-1 (energy range 5-30 keV, resolution 1x10-4 ΔE/E) at the Canadian Light Source. All data 

were collected in transmission mode using Ionization chambers filled with He gas. The energy of 

the Ni-K edge (8333 eV) was done using a Si(220) double-crystal Si monochromator, with a Pt-

coated water-cooled collimating KB mirror. The Higher harmonics of the beam were removed by 
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the double crystal monochromator. Demeter software packages were used for data analysis and 

Extended X-ray Absorption Fine Structure (EXAFS) fitting.1 An amplitude reduction factor of 

0.74 was obtained from the first shell fitting of Ni foil. The EXAFS fitting parameters of samples 

were determined by keeping this amplitude reduction factor fixed. Black and red lines represent 

the experimental data and simulated EXAFS fit, respectively. 

4.3.9 Electrode preparation 

10 mg of the black pyrolyzed Ni-N-C catalyst powder were grounded and dispersed in 2 

mL of a mixed solvent of (3:1) IPA:H2O and 120 µL of Nafion solution was added. Afterwards, 

the as-prepared homogenous ink was drop-casted onto a graphite foil substrate and dried at 70 °C 

for 2 hours.  

4.3.10 Electrochemical Characterization 

A previously reported customized electrochemical cell containing two compartments was 

employed in this research to investigate the electrocatalytic CO2R performance of the developed 

Ni-N-C catalysts.17The catholyte and anolyte chambers were separated by a Selemion anion 

exchange membrane (Selemion AMV, AGC Inc.) and 9 mL of 0.1 M KHCO3 was used to fill each 

chamber. To control the CO2 gas flow rate, a mass flow control (MKS Instrument) was employed 

and a flow rate of 20 sccm was fed through the catholyte chamber during the CO2 electroreduction. 

An Ag/AgCl reference electrode was connected to the cell (catholyte chamber) by a Luggin 

capillary, while a Pt foil was employed as the counter electrode. All electrochemical measurements 

were performed by a Biologic VSP-300 potentiostat, and all applied potentials vs Ag/AgCl were 

converted to RHE using the following equation: V vs RHE = V measured vs. Ag/AgCl + 0.197 + 

0.059*6.8 (pH of electrolyte). The effluent from the catholyte chamber was connected with an on-
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line gas chromatography unit (GC, supplier: SRI, model: 8610C in the Multi-Gas configuration 

#5), to quantify the gas phase products.  

4.4   Results & Discussion 

The preparation of atomically dispersed Ni-N-C catalysts were carried out using the 

protocol illustrated in Figure 4.1, where the synthesis of bi-metallic MOF-74 was conducted 

according to previous reports.59, 64, 65. During the synthesis of Ni/Mg-MOF-74, a large content of 

Mg2+ was embedded into the structure to assist on the separation of adjacent Ni2+ species 

coordinated with the M-oxo chains. Figure S1a reveals the EDS mapping of the pristine bi-

metallic Ni/Mg-MOF-74 and shows the elemental distribution of Ni, Mg, N, C in the entire 

structure. Figure 4.2 illustrates TEM images at different magnification of the prepared Ni-N-C 

catalysts using different pyrolysis temperatures, and Figure S2 shows images of the NiNP-N-C 

and Ni-free N-C catalyst for comparison. Figure 4.3a and b and Figure S1 provide EDS mapping 

of the same electrocatalysts. As revealed in Figure 4.2a-c, Ni-N-C@900°C catalyst demonstrated 

a homogenous porous structure with no observations of the formation of metallic Ni 

nano/microparticles, which could likely be attributed to the successful formation of atomically 

dispersed Ni-Nx/C sites. At a high pyrolysis temperature, the MOF host molecule is decomposed, 

and a porous graphitized structure is formed, the graphitized carbon structure is doped with 

nitrogen species resulting from urea decomposition which likely act as stabilizing sites for the Ni 

atoms. After pyrolysis, an acid wash strategy assisted in removing any formed MgO or exposed 

labile Ni-based particles, leaving a structure of atomically dispersed Ni-NX/C sites, where x could 

be 1, 2, 3 or 4 as shown in Figure 4.1. On the contrary, at a lower pyrolysis temperature (700°C), 

Ni-N-C@700°C electrocatalyst exhibits a clear formation of metallic Ni particles embedded into 

the graphitic structure as shown in Figure 4.2d-f, emphasizing the impact of the employed 
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pyrolysis temperature on the obtained morphology of the prepared Ni-N-C catalysts. The 

formation of Ni-based particle at lower pyrolysis temperature (700°C) indicates that the 

coalescence of Ni atoms becomes more intense compared to higher pyrolysis temperatures 

(900°C). Optimizing the ratio of the activated MOF to urea is one of the parameters that could be 

investigated later in this research to assess the influence of the doped nitrogen concentration on 

the structure and electrochemical CO2R performance of the resulted Ni-N-C catalysts. Ni-N-C 

catalyst prepared by pyrolyzing urea@Ni-MOF-74 (i.e., no Mg2+ in the structure) exhibits the 

formation of a heterogenous structure consisting of a high portion of metallic Ni particles 

integrated with carbon nanotubes (CNTs) as shown in Figure S2a-b, illustrating the role of Mg2+ 

ions on isolating neighboring Ni sites to prevent the formation of Ni nano/microparticles during 

pyrolysis. As Ni is well-known to catalyze the formation of CNTs,66-69 the reason CNTs are 

produced in the NiNP-N-C catalyst and not in the Ni-N-C@900°C and Ni-N-C@700°C catalysts 

could likely be ascribed to the Ni content inside each catalyst,66-69the higher Ni content in NiNP-

N-C has likely enhanced the formation of CNTs. Ni-free N-C catalyst images exhibit a porous N-

rich graphitic structure as shown in Figure S1 and Figure S2c-d. EDS mapping was carried out to 

identify the compositional distributions of Ni, N and C within the as-synthesized catalyst structures 

(Figure 4.3a-b, and Figure S1), whereby a homogeneous dispersion of all three elements was 

demonstrated in all developed Ni-N-C materials.  
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Figure 4-1 Schematic diagram illustrates the formation of the atomically dispersed Ni-N-C 

catalysts. 
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Figure 4-2 TEM images of atomically dispersed Ni-N-C catalysts prepared at different pyrolysis 

temperatures ; (a-c) Ni-N-C@900°C, and (d-f) Ni-N-C@700°C. 

 

 

To investigate the crystalline characteristics of all MOF-precursors and Ni-N-C catalysts, 

PXRD measurements were performed as illustrated in Figure 4.3c. The PXRD spectra of the Ni-

MOF-74, Mg-MOF-74, and NiMg-MOF-74 precursors exhibited the same spectral patterns that 

were previously reported for the same MOF structures.65 No additional peaks were observed after 

urea impregnation, indicating that NH4
+ ions were incorporated into the MOF architecture without 

resulting in any structural modifications. For the developed Ni-N-C catalysts prepared at different 

pyrolysis temperature and synthetic conditions, Ni-N-C@900°C didn’t show any noticeable 

diffraction peaks, indicating that the Ni species inside the obtained catalyst likely formed 

atomically dispersed Ni-Nx/C rather than coalescing into crystalline structures that would be 

observed by PXRD. On the contrary, Ni-N-C@700°C and NiNP-N-C catalysts demonstrated clear 

crystalline diffraction peaks at 45.1°, 54.6°, and 75.3°, which are assigned to metallic Ni(111), 

Ni(200), and Ni(220), respectively. These observations obtained from the PXRD spectral patterns 

are consistent with the TEM imaging and EDS mapping that showed the formation Ni-based 

particles in both Ni-N-C@700°C and NiNP-N-C. The Ni-free N-C catalyst revealed only a broad 

diffraction peak in the range of 20-30° assigned to the graphitic (002) plane. 
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Figure 4-3 EDS mapping of the developed atomically dispersed Ni-N-C catalysts prepared at 

different pyrolysis temperatures; (a) Ni-N-C@900°C and (b) Ni-N-C@700°C. (c) XRD spectra 

of all MOF precursors along with the synthesized Ni-N-C catalysts. 

 
X-ray photoelectron spectroscopy (XPS) analysis was carried out on Ni-N-C@900°C as 

presented in Figure 4.4. The near surface composition of the this catalyst was identified to be ca. 

87.0 at.% carbon, 4.5 at.% nitrogen, and less than 1.0 at.% Ni (Figure 4.4a). The N 1s spectra  

(Figure 4.4b) illustrates five different peaks including pyrrolic-N at 400.2 eV, pyridinic-N at 398.7 

eV, graphitic-N at 401.5 eV, oxidized-N at 403.2 and 407.1 eV, and Ni–N at 399.1 eV.70, 71 Various 

studies have investigated the impact of N-configuration on the obtained selectivity and activity of 

the electroreduction of CO2, emphasizing that N-coordination has a significant influence on the 

overall performance of CO2R.72, 73 In the present work, it is hard to deconvolute what nitrogen 

configurations are influencing the activity due to the ambiguity in fitting XPS peaks. Hence, 

extended X-ray absorption fine structure (EXAFS) analysis were performed of Ni-N-C@700°C 

(c) 
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and Ni-N-C@900°C to obtain a better identification of the local coordination environment 

surrounded the atomically dispersed Ni-Nx/C sites. The C 1s spectra (Figure 4.4c) reveals two 

different peaks at 285.0 eV and 286.2 eV, which correspond to C-C sp2 and C-N/O respectively. 

The Ni 2p XPS spectra shown in Figure 4d illustrates a major peak at 855 eV which could be likely 

attributed to Ni species in a low valent energy level.  

 

 

Figure 4-4 XPS spectra of the synthesized Ni-N-C@900°C, (a) Elemental survey, (b) N 1s, (c) C 

1s, and (d) Ni 2p3/2 spectra. 

 
To explore the Ni coordination environment, the catalysts pyrolyzed at two different 

temperatures (Ni-N-C@700ºC and Ni-N-C@900ºC) were investigated by X-ray absorption 



Ph.D. Thesis – F. Ismail; McMaster University – Chemical Engineering 

107 
  

spectroscopy. For reference, the spectra of standard materials- Ni foil, NiO, and Ni-TPP were also 

collected. EXAFS oscillation in k-space and R-space spectra for Ni catalysts and the reference 

samples are shown in Figure 4.5. The EXAFS oscillation of Ni-N-C@700 ºC is almost close to 

the Ni reference, which suggests a large population of Ni nanoparticles exists in the catalyst. Since 

the EXAFS spectra of Ni-N-C@700 ºC were nearly the same as that of metallic Ni, the Ni-Ni 

scattering path was used to fit the data. The peak at 2.490(4)Å is due to the scattering of the first 

shell of metallic Ni atoms.73 Figures 4.5a and b show both k-space and R-space EXAFS spectra 

at the Ni K edge of the samples and obtained fitting parameters are presented in Table 4.1. The 

estimated coordination number (CN) 11.7(8) of Ni-Ni suggests the formation of Ni nanoparticles. 

Figures 4.5c and d illustrate no significant Ni-N contribution at 1.88 Å, demonstrating Ni-N 

environments are minority species in Ni-N-C 700ºC sample. The EXAFS of Ni-N-C@900 ºC 

shows the first shell peak at 1.83(2) Å which almost matches the Ni-N bonding location in Ni-

TPP.72 In addition, another peak at 2.478(9)Å indicates the presence of Ni–Ni bonding from 

smaller Ni clusters, which is consistent with HRTEM and STEM observations (Figure 4.2 and 

4.3). Since the sample has two prominent peaks, a combination of Ni-N and Ni-Ni fcc models was 

adopted to fit the data (Figures 4.5e and f) resulting in a coordination number of 3.1(9) and 7.5(4) 

respectively. A combination of EXAFS and STEM-HAADF studies supports the existence of 

atomically dispersed Ni atoms in the Ni-N-C@900ºC catalyst. Also, inductively coupled plasma 

(ICP) has been performed on the Ni-N-C@900°C to identify the Ni concentration of this catalyst, 

the obtained results reveal a Ni concentration of 0.5 at.%. 
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Figure 4-5  a) k space and b) R space (phase shift not corrected) EXAFS spectra at the Ni K 

edge of the catalysts of NiN-C@700 ºC, Ni-N-C@900 ºC and references, EXAFS data in k space 

(k3-weighted) and R space c) and d) Ni-N-C@700ºC e) and f) Ni-N-C@900 ºC. 

 

Table 4.1 EXAFS fitting results of catalysts of NiN-C@700 ºC, Ni-N-C@900 ºC. 

Catalysts Type CN R/Å σ2 /Å2 Еₒ Shift (eV) R factor 

Ni-N-C@700ºC Ni-Ni 11.7(8) 2.490(4) 0.006(1) 7.0(7) 0.4% 

Ni-N-C@900ºC Ni-N 3.1(9) 1.83(2) 0.003(2) -8.9(7) 0.9% 

Ni-Ni 7.5(4) 2.478(9) 0.005(1) -8.9(7) 

 

 

The electrochemical CO2R behavior of the developed atomically dispersed Ni-N-C 

catalysts prepared at different pyrolysis temperatures and conditions was investigated at different 

applied potentials in 0.1M KHCO3 saturated with CO2. Generally, CO2R measurements revealed 

that the selectivity of the Ni-N-C electrocatalysts is towards producing CO and H2. A potential 

window range of -0.68 V vs RHE to -1.1 V vs RHE was employed as the most proper potential 

range for the prepared catalysts. The Faradaic efficiencies of all synthesized Ni-N-C catalysts 

towards CO are illustrated in Figure 4.6a. Ni-N-C@900°C demonstrated an excellent selectivity 

towards CO production at -0.76 V vs RHE and a current density of -4.2 mA/cm2, while Ni-N-

C@700°C revealed a relatively lower CO FE (62%) at the same applied potential. We postulate 

that the higher selectivity of CO in Ni-N-C@900°C could be attributed to the successful formation 

of atomically dispersed Ni-Nx/C sites. In contrast, as indicated by TEM imaging and EDS 

mapping, Ni-N-C@700°C exhibits the formation of metallic Ni-based particles along with 

atomically dispersed Ni-Nx/C sites (Figure 4.2d-f and Figure 4.3b). These Ni nano/microparticles 

have likely switched the selectivity towards the competing hydrogen evolution reaction which 
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consequently reduces the selectivity towards CO production. The NiNP-N-C catalyst showed a 

maximum FE of only 35% for CO production at -0.85 V vs RHE, whereby we postulate that this 

significant decrease in CO selectivity is likely ascribed to the formation of mainly metallic Ni-

based particles (Figure S2a-b and Figure S1b) which are known to favor HER rather than 

CO2R.14 The Ni-free N-C catalyst shows the predominant production of H2 with less than 10% CO 

FE at all applied potentials, emphasizing the crucial role of Ni-based species in catalyzing the 

CO2R reaction. At more negative applied potentials, the selectivity towards CO steadily decreases 

(Figure 4.6a) while H2 selectivity increases (Figure 4.6b). These trends are in agreement with a 

previously reported study indicated that the selectivity of CO for Ni-N-C catalysts showed a 

maximum at ca. -0.7 V vs RHE,74 emphasizing that this difference in selectivity is likely resulted 

from shifting reaction energetics between the CO2R and HER. All electrochemical measurements 

have been repeated for all samples and demonstrated the same performance. Liquid product 

analysis was not performed as the Faradaic efficiencies of the formed gas-phase products were 

close to 100% at all applied potentials, indicating that the developed atomically dispersed Ni-N-C 

catalysts are very selective towards the formation of gaseous products. Density functional theory 

(DFT) measurements will be performed in the next stage of this research to identify the key 

intermediates and predict the Gibbs free energy changes during the CO2R. In addition to their 

metal abundance, the produced atomically dispersed Ni-N-C catalysts, particularly Ni-N-

C@900°C, demonstrates higher selectivity and activity towards CO compared to state-of-the-art. 

For instance, Toru Hatsukade75, have investigated the activity and selectivity of the metallic silver 

in CO2R, their finding shows lower activity of (-1.9 mA/cm2) at -0.98 V vs RHE compared to the 

developed Ni-N-C@900°C which exhibits -4.2 mA/cm2 at -0.76 V vs RHE. With the excellent 

CO2R selectivity revealed in this work for the atomically dispersed Ni-N-C catalysts, the 
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employment of these efficient electrocatalysts into high current density electrochemical devices 

such as membrane electrode assembly (MEA) will be conducted in the next stages of this work for 

developing competitive electrochemical CO2R configurations. 

 

 

Figure 4-6 The electrochemical behavior of the developed Ni-N-C catalysts, a) the obtained CO 

FE %, b) the obtained H2 FE %, c) current density (mA/cm2), d) partial current density towards 

the CO production (mA/cm2) at different potentials. 

4.5   Conclusion 

In summary, a host-guest synthetic approach has been followed to generate atomically 

dispersed Ni-N-C catalysts. This strategy has been conducted by urea impregnation into a bi-

metallic NiMg-MOF-74 structure where Mg2+ ions were utilized as spacer to increase the distance 

between Ni atoms in the MOF precursor structure with the goal of preventing agglomeration of 
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the Ni atoms during pyrolysis to preferentially form atomically dispersed Ni-Nx/C sites. Our 

findings demonstrated that using a pyrolysis temperature 900°C resulted in the formation of 

atomically dispersed Ni-Nx/C sites, while a pyrolysis temperature of 700°C resulted in the 

formation of a significant portion of metallic Ni particles. This difference in the obtained 

morphology impacted the CO2 electroreduction performance of both catalysts, where Ni-N-

C@900°C catalyst exhibited high CO selectivity with a Faradaic efficiency of 90% at -0.76 V vs 

RHE and a current density of -4.2 mA/cm2. On the contrary, Ni-N-C@700°C showed 62% CO 

selectivity at the same applied potential, indicating the crucial role of the employed pyrolysis 

temperature during the synthesis. In addition, to investigate the beneficial role of Mg2+ ions, 

urea@Ni-MOF-74 prepared in the absence of Mg2+ was pyrolyzed at 900°C. The obtained catalyst 

demonstrated a heterogenous structure consisting of predominantly metallic Ni particles along 

with CNTs and exhibited a Faradaic efficiency towards CO of only 35% at -0.85 V vs RHE at a 

current density of -3.5 mA/cm2. These findings show Mg2+ ions in the MOF-74 precursor structure 

were beneficial in avoiding Ni atom coalescence, and instead preferentially form atomically 

dispersed Ni-NX sites. Ni free N-C catalyst were also prepared and found to provide negligible 

selectivity towards CO, emphasizing that Ni sites are essential for driving the CO2 electroreduction 

reaction. 

Supporting Information 

TEM images and EDS mapping are included in the supporting information file. 
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4.7   Supporting Information 

 

 

Figure S1. EDS mapping of a) pristine NiMg-MOF-74 b) NiNP-N-C, and c) Ni-free N-C 

catalysts 
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Figure S2. TEM images of (a and b) NiNPs-N-C, (c and d) Ni-free-N-C catalysts 
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Intrinsic Electrochemical Surface Area (ECSA): 

Electrochemical Surface Area (ECSA) measurements have been conducted to investigate the 

intrinsic activity of the synthesized Ni-N-C@900°C and Ni-N-C@700°C materials. Using 

different scan rates from 50 to 130 mV/s, double-layer capacitance (Cdl) was calculated from the 

slope of the of the current (the difference between anodic and cathodic currents for each cycle) 

versus the scan rate. By dividing (Cdl) over the specific capacitance (Cs) of Ni (40µF/cm2)76, ECSA 

were calculated for both samples using the following formula: 

AECSA = 
𝐂𝐝𝐥  𝐨𝐟 𝐭𝐡𝐞 𝐜𝐚𝐭𝐚𝐥𝐲𝐬𝐭 (

𝐦𝐅

𝐜𝐦𝟐)

𝐂𝐬 (𝐒𝐩𝐞𝐜𝐢𝐟𝐢𝐜 𝐂𝐚𝐩𝐚𝐜𝐢𝐭𝐚𝐧𝐜𝐞 𝐨𝐟 𝐍𝐅) 𝟎.𝟎𝟒 (
𝐦𝐅

𝐜𝐦𝟐)/ 𝐄𝐂𝐒𝐀 𝐜𝐦𝟐 
 

 

AECSA of Ni-N-C@900°C was calculated accordingly:  

 

AECSA = 
𝟐𝟑.𝟒 (

𝐦𝐅

𝐜𝐦𝟐)

 𝟎.𝟎𝟒 (
𝐦𝐅

𝐜𝐦𝟐)/ 𝐄𝐂𝐒𝐀 𝐜𝐦𝟐 
 = 585 cm2 

AECSA of Ni-N-C@700°C was calculated as the following: 

 

AECSA = 
𝟏𝟗.𝟏 (

𝐦𝐅

𝐜𝐦𝟐)

 𝟎.𝟎𝟒 (
𝐦𝐅

𝐜𝐦𝟐)/ 𝐄𝐂𝐒𝐀 𝐜𝐦𝟐 
 = 477.5 cm2 

 

The difference in the activity and selectivity between Ni-N-C@900°C and Ni-N-C@700°C under 

CO2R conditions could be likely attributed to the higher ECSA value of Ni-N-C@900°C (585 cm2) 

compared to Ni-N-C@700°C (477.5 cm2). 
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Figure S3. Current density difference vs. scan rate for calculating the double layer capacitance 

(cdl) layer to determine ECSA for Ni-N-C@900°C and Ni-N-C@700°C 
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Calculating Faradaic Efficiencies: 

 

 

 

𝑭𝒂𝒓𝒂𝒅𝒂𝒊𝒄 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 % =
𝑴𝒐𝒍𝒆𝒔 𝒐𝒇 𝒕𝒉𝒆 𝒑𝒓𝒐𝒅𝒖𝒄𝒕 ∗ 𝒆 − 𝒑𝒆𝒓 𝒎𝒐𝒍𝒆 ∗ 𝑭 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕

𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝑰 ∗ 
𝟔𝟎

𝑭𝒍𝒐𝒘 𝒓𝒂𝒕𝒆

 

 

Where: 

 

F: Faraday’s constant of 96485 C mol-1. 

I: Average current. 

e-: Number of electrons transferred per mole, which is 2 in the case of CO. 
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5 Chapter | Unravelling the Nature of Active Sites in Metal-Organic Framework-derived 

Heterogenous Electrocatalysts for Boosting the Electroreduction of CO2 to CO at 

Industrially Relevant Current Densities 

 

In this chapter, zeolitic imidazole framework (ZIF-8) –a subclass of MOFs– has been 

doped with Ni2+ to develop an efficient heterogeneous electrocatalyst structure for CO2R. Our 

findings demonstrated that, under thermal treatment, the atomic ratio of Ni2+: Zn2+ ions and the 

metal content have significantly influenced the structure-property relationship of the developed 

catalysts. With the excess of Zn2+ atomic ratio over Ni2+ along with the utilization of low metal 

(Ni and Zn) concentrations, a homogenous structure of atomically dispersed dual Ni-Zn-NX/C sites 

is formed. Meanwhile, using high metal loadings under similar synthetic conditions has led to the 

formation of a heterogeneous structure of atomically dispersed dual Ni-Zn-NX/C sites along with 

Ni3ZnC-based particles. Both catalyst designs have been investigated for CO2 electroreduction 

using a membrane electrode assembly (MEA)-type electrolyzer and exhibited over 90% CO 

Faradaic efficiency at different current densities/reaction rates. The latter catalyst design revealed 

higher activity towards CO production under CO2R conditions, attaining a current density of 

448mA/cm2 at 3.1V, emphasizing the role of Ni3ZnC particles in enhancing the reaction rate 

compared to the homogenous structure of atomically dispersed Ni-Zn-NX/C sites. To unravel the 

nature of the evolved active sites under CO2R conditions, in-situ and ex-situ X-ray absorption 

spectroscopy measurements were performed. Our results demonstrated that both atomically 

dispersed dual Ni-Zn-NX/C sites and Ni3ZnC particles are contributing to the overall activity 

during CO2R.  
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5.1   Abstract 

 

  The electrochemical reduction of CO2 (CO2R) to value-added chemicals and fuels is a 

promising approach to mitigate the devastating impact of greenhouse emissions on climate change. 

In recent years, numerous efforts have been dedicated to the development of efficient and selective 

electrocatalysts for CO2R. Metal-organic frameworks (MOFs) with well-defined structures and 

high surface areas have attracted intensive attention as a promising precursor for deriving several 

catalyst designs such as atomically isolated metal sites and dual-metal alloys. However, identifying 

the active sites employed of MOF-derived catalysts during CO2R remains a grand challenge due 

to the heterogeneous nature of the produced electrocatalysts that comprise various active sites. 

Herein, zeolitic imidazole framework (ZIF-8) –a subclass of MOFs– has been doped with Ni2+ to 

develop an efficient heterogeneous electrocatalyst structure for CO2R. Our findings demonstrated 

that, under thermal treatment, the atomic ratio of Ni2+: Zn2+ ions and the metal content have 

significantly influenced the structure-property relationship of the developed catalysts. With the 
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excess of Zn2+ atomic ratio over Ni2+ along with the utilization of low metal (Ni and Zn) 

concentrations, a homogenous structure of atomically dispersed dual Ni-Zn-NX/C sites is formed. 

Meanwhile, using high metal loadings under similar synthetic conditions has led to the formation 

of a heterogeneous structure of atomically dispersed Ni-Zn-NX/C along with Ni3ZnC-based 

particles. Both catalyst designs have been investigated for CO2R using membrane electrode 

assembly (MEA) and exhibited over 90% CO Faradaic efficiency (FE) at different current 

densities/reaction rates. The latter catalyst design revealed higher activity towards CO production, 

attaining a current density of 448mA/cm2 at 3.1V, emphasizing the role of Ni3ZnC particles in 

enhancing the reaction rate compared to the homogenous structure of atomically dispersed Ni-Zn-

NX/C sites. To unravel the nature of the evolved active sites under CO2R conditions, in-situ and 

ex-situ X-ray absorption spectroscopy measurements were performed. Our results demonstrated 

that both atomically dispersed dual Ni-Zn-NX/C sites and Ni3ZnC particles contribute to the overall 

activity and selectivity of the developed catalysts during CO2R.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis – F. Ismail; McMaster University – Chemical Engineering 

130 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A graphical abstract illustrates the practical implementation of CO2 conversion technology using 

renewable energy resources and an MEA-based electrolyzer to produce chemical feedstocks 

(CO) at industrially relevant reaction rates 

 

 

5.2   Introduction 

 

The development of sustainable energy technologies that rely largely on renewable energy 

sources became a rising demand over the last few decades in order to lessen the dependence on 

limited fossil fuel reserves and diminish anthropogenic climate change.1 One of the promising 

approaches is the employment of renewable electricity for deriving chemical reaction for the 

production of fuels and value-added chemicals using naturally profuse resources.2 The increased 

generation of electricity via renewable resources such as wind and solar has facilitated electrifying 

the chemical industry through electro-synthetic processes and enabled the sustainable production 

of hydrocarbons and chemicals to become more viable.3 Among various strategies, intensive 

efforts have been devoted to the electro-conversion of CO2 (CO2R) to value-added products such 
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as alcohols and chemical feedstocks, given the fact that carrying the CO2R reaction industrially is 

not energy intensive and can be carried out using ambient reaction conditions.4 CO2 molecules 

could be reduced to several products such as carbon monoxide (CO), methane (CH4), ethylene 

(C2H4), and ethanol (C2H5OH).5-7 Particularly, CO is one of the most valuable chemical feedstocks 

for numerous industries and could be employed in crucial technologies such as Fischer–Tropsch 

process.8, 9 CO2R to CO technologies are limited by the large energy barrier of the reaction which 

increases the demand for developing efficient and in-expensive electrocatalysts.  

Initially, various catalyst designs including molecular complexes,10-12 heterogeneous metal 

and metal oxides,13-17 and carbon-based materials18-20 were designed and investigated for CO2 

conversion to CO. Despite the well-defined structure and high surface areas of molecular catalysts 

such as metalophthalocyanine and metalloporphyrin, however, their further utilization in CO2R is 

hindered by the instability and poor electronic conductivity.21-23 On the other hand, the high cost 

of metal catalysts such as Pd, Au, and Ag impede their commercial applications although they can 

afford very promising selectivity towards CO production.13, 24 Electrocatalysts of non-metal atoms 

doped in carbon skeletons have been evaluated for CO2R, but their properties and electrocatalytic 

performance need further improvement to compete with the other developed catalysts. Hence, 

designing highly efficient electrocatalysts with commercial qualifications is still under 

investigation. 

Atomically dispersed metal−nitrogen−doped carbon (M−N−C) class of materials have 

recently emerged for CO2R and exhibited high activity and selectivity towards generating CO.25-

27 In M–N–C electrocatalysts, metal ions are coordinated to graphitic carbon structures containing 

N-dopants to generate atomically dispersed active sites (M-NX/C).28-31 Developing M-N-C 

catalysts has imparted a new opportunity to couple the advantages of heterogenous and molecular 
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catalysts, which enabled achieving high electrocatalytic performance during CO2R.32 Scientists 

have attributed the enhanced performance of M-N-C-based catalysts during CO2R to several 

factors including the unique local coordination environment, maximum atomic utilization of metal 

centers, and facile electron transport through the graphitic support.33, 34 The fabrication of 

atomically dispersed M-N-C catalysts is commonly carried out through the co-pyrolysis of carbon-

, nitrogen-, and earth-abundant metal salt-containing mixture. A variety of M-N-C electrocatalysts 

have been synthesized where M could be Co, Fe, Mn, Cu, and Ni. In particular, atomically 

dispersed Ni–N–C catalysts with the active site configuration of Ni–NX (X=1, 2, 3, or 4) 

immobilized in a graphitic architecture, demonstrated high selectivity of CO production while 

suppressing the competing hydrogen evolution reaction (HER). Various precursors are being 

employed to produce Ni–N–C catalysts; however, researchers have recently focused on the 

utilization of metal-organic frameworks (MOFs) due to their well-defined crystalline structures, 

superior surface area, and porosity.35-39 It is postulated that MOF’s structural characteristics, 

particularly, its high surface area, would be inherited into the derived Ni–N–C catalyst structure, 

leading to producing a configuration with a high concentration of atomically dispersed Ni-NX/C 

sites.  

Generally, atomically dispersed Ni-NX/C sites are integrated into carbon-based structures 

such as N-doped carbon nanotubes40, 41 and N-doped nanosheets,42, 43 however, achieving high 

selectivity of CO at high current densities/reaction rates remains challenging for most of the 

developed Ni–N–C catalysts. Various attempts have been made on improving their intrinsic (e.g., 

local geometric/chemical configurations, and atomic coordination environment)14, 44 and extrinsic 

(e.g., porosities, surface area and morphologies) characteristics.45 Incorporating an additional 

transition metal site adjacent to the main site is one of the promising approaches to promote the 
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overall reaction rate and introduce different mechanistic pathways of CO2R.46, 47 The local 

coordination environment, more specifically the N-coordination of a single-metal site varies 

significantly from a dual-metal site.48, 49 Therefore, the intrinsic activity of dual-metal catalyst 

could be enhanced by modulating the geometric and electronic configuration, resulting in 

improved electrocatalytic activity under CO2 electrolysis.50 Very recently, Yi Li et al have 

developed a series of atomically dispersed dual-metal sites for CO2R such as Ni-Co and Ni-Fe, 

their findings demonstrated that atomically dispersed Ni-Fe catalyst showed higher electrocatalytic 

activity and selectivity compared to other atomically dispersed dual-metal catalysts.47 Further, 

their theoretical predictions revealed that the synergetic effect of the dual-metal site (NiFe) has 

enhanced the intrinsic catalytic activity and selectivity by enabling more optimal *CO desorption 

and *COOH adsorption compared to single-metal sites (Ni–N4/Fe–N4). Another study reported by 

Youzhi Li et al51 performed DFT measurements on atomically dispersed dual Ni-Zn catalyst, their 

results showed the influence of the heteronuclear coordination on the metal atom d-states, whereby 

the gap between Fermi energy level (EF) and d-band (εd) of the Ni (3d) orbitals is narrowed, 

leading to enhancing the electronic interactions, and lowering both free energy barrier (ΔG) and 

activation energy (Ea). These electronic modifications have impacted the intrinsic activity of the 

atomically dispersed Ni-Zn dual catalyst and enabled achieving >90% of CO selectivity at a wide 

potential window. However, this research is in the early stages and further investigation on the 

influence of the adjacent metal atom on the coordination environment and electrocatalytic activity 

is still required. 

On the other hand, electrocatalysts of intermetallic carbide embedded in a structure of 

porous carbon-containing nitrogen dopants have been investigated for different electrocatalytic 

applications due to their atomic arrangement, controlled crystal structure, and the well-defined 
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stoichiometry, providing various desired chemical and physical characteristics.52, 53 Qi et al have 

used the co-pyrolysis procedure of M@ZIF-8 whereby M=Au, Rh, Pd Pt, and Ru to develop a 

series of Zn-intermetallic nanoparticles (iNPs) impregnated in an N-doped carbon structure.54 

Whereas Xue et al. has reported an enhanced oxygen reduction reaction (ORR) of intermetallic 

PtZn@N-doped carbon electrocatalyst with multi-functional order compared to the commercially 

available Pt/C.55 In the context of CO2 conversion, Nágila E. C. Maluf et al. have designed Ni–Zn 

carbide (Ni3ZnC) supported in N-doped porous carbon, under the reverse water gas shift reaction, 

their developed catalyst exhibited selective hydrogenation of CO2 into CO at atmosphere pressure 

(CO2:H2 = 1:4 GHSV = 30000 mL/gcat h) and 450 °C.56  

Herein, a synthetic procedure has been developed and optimized to prepare different 

catalyst designs that comprise both atomically dispersed dual sites and intermetallic particles to 

investigate the influence of the coexistence of these species on the obtained CO2R performance. 

In which, one design has a structure of atomically dispersed dual Ni-Zn-NX sites embedded in a 

carbonaceous architecture. Whereas the other catalyst design comprised a heterogenous structure 

of Ni–Zn/C intermetallic particles and atomically dispersed dual Ni-Zn sites impregnated in N-

doped carbon support. Zeolitic imidazole framework (ZIF-8) – a subclass of MOFs with the 

analogous structure of zeolites – built from the coordination of tetrahedral Zn2+ to 2-methyl 

imidazole organic ligand to form 3-D solidate (SOD) topology – has been used as a precursor. 

ZIF-8 couples the features of both MOF and zeolites such as porosity, enthralling crystallinity, and 

thermal stability.57 In this work, (ZIF-8) was embedded with Ni2+ at different Ni2+: Zn2+ atomic 

ratios and metal concentrations. Our findings exhibited that the co-pyrolysis of ZIF-8 impregnated 

with Ni2+ using low metal concentrations and excess content of Zn2+ ions over Ni2+ ions has 

resulted in the successful formation of homogenous atomically dispersed dual Ni-Zn-NX/C sites. 
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Whilst the utilization of high metal content under similar conditions has generated a heterogeneous 

catalyst structure of atomically dispersed dual Ni-Zn-NX/C sites adjacent to Ni3ZnC-based 

particles. Following synthesis, both designs were evaluated for CO2R using an industrial 

competitive membrane electrode assembly (MEA)–based electrolyzer. The developed 

electrocatalysts with homogenous and heterogenous structures revealed >90% of CO Faradaic 

efficiencies at different applied voltages, however, the heterogenous catalyst design displayed an 

improved selectivity of CO2 reduction to CO at a high current density (~100% CO FE and 

448mA/cm2 at 3.1V) compared to the homogenous structure. This difference in the electrocatalytic 

activities between both designs suggests that introducing Ni3ZnC-based particles to the 

homogenous atomically dispersed dual Ni-Zn-NX/C sites has likely induced a synergetic effect on 

the intrinsic catalytic activity which consequently enhanced the reaction rate towards CO 

formation. Further, in-situ and ex-situ X-ray absorption spectroscopy measurements were carried 

out to assist in unveiling the nature of the active sites evolved in both catalyst designs under CO2R 

conditions.    

5.3   Materials and Methodologies 

5.3.1 Materials 

 

Zn(NO3)2.6H2O, 2-methylimidazole, (Ni(NO3)2.6H2O), KHCO3, ethanol, isopropanol 

(IPA), a 5 wt % Nafion solution in isopropanol, methanol, n-hexane, nitric acid, hydrochloric acid 

and graphite foil were purchased from Sigma Aldrich and used without further purification. Type 

1 ultrapure water (< 10 ppb TOC; > 18 MΩ-cm) was used for all conducted experiments.  

5.3.2 Methods 

5.3.3 Synthesis of Zeolitic Imidazolate Frameworks (ZIF-8) 
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Initially, 0.616g of 2-methyl imidazole (organic linker) was dissolved in 25 mL of 

methanol, followed by dissolving 0.558g of zinc nitrate hexahydrate (metal salt) in a separate 15 

mL of methanol. Subsequently, the organic linker-containing solution was added to the metal salt-

containing solution and kept at 35 °C under vigorous stirring for 12 hours. Then, a centrifuge with 

12,000 rpm was utilized to wash and separate the formed white precipitate, followed by keeping 

the obtained white paste at 70°C for 12 hours to dry. 

5.3.4 Synthesis of Ni3ZnC-based particles@atomically dispersed dual Ni-Zn-N-C 

structure (The heterogenous catalyst design) 

To prepare this heterogenous catalyst, a complete suspension of 1gm ZIF-8 in 50 mL n-

hexane has been performed. The homogenous ZIF-8-containing solution has been impregnated 

with an aqueous solution of Ni(NO3)2.6H2O (100 mg/1 mL), this sample is denoted as [a-

Ni3ZnC@Ni-Zn-N-C]. This mixed solution was stirred vigorously for 4 hours. A filtration 

procedure has been followed to separate the formed green precipitate, and the obtained light green 

paste was kept for 12 hours at 70 °C to dry. Afterwards, the collected greenish powder was 

pyrolyzed under inert gas conditions (Ar) in a tube furnace using a ramp of 5°C/minute. An 

additional sample was prepared using different atomic ratios by injecting (300 mg/3 mL) of 

Ni(NO3)2.6H2O, this sample is represented here as [b-Ni3ZnC@Ni-Zn-N-C]. 

5.3.5 Synthesis of atomically dispersed dual Ni-Zn-N-C catalysts (The homogenous 

catalyst design) 

Atomically dispersed dual Ni-Zn-N-C catalysts were fabricated by the suspension of 100 

mg of as-prepared ZIF-8 in 10 mL of n-hexane. The suspended solution was doped with Ni-

containing solution of Ni(NO3)2.6H2O (10 mg/1 mL), this catalyst is referred here as [a-Ni-Zn-N-
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C]. This mixed solution was stirred continuously for 4 hours, followed by filtering, and separating 

the formed green precipitate, the light green paste was kept at 70 °C for 12 hours to dry. The 

collected powder was pyrolyzed in a tube furnace at 1000 °C using inert gas conditions (Ar) with 

of 5°C/minute temperature ramp for 2 hours. Another atomic ratio has been prepared by injecting 

(30 mg/1 mL) of Ni(NO3)2.6H2O which is denoted here as [b-Ni-Zn-N-C].  

5.3.6 Material Characterization 

The morphology of the developed catalyst designs was investigated using high-resolution 

transmission electron microscopy (HR-TEM). While the crystallinity and near-surface 

composition were assessed using powder X-ray diffraction (PXRD) and X-ray photoelectron 

microscopy (XPS), respectively. The elemental distribution of the produced catalysts was obtained 

using energy dispersive spectroscopy (EDS) measurements. All these characterization techniques 

are available at McMaster X-ray Facility (MAX), Bioinformatics Institute (BI), and Canada Center 

of Electron Microscopy (CCEM). 

5.3.7 In-situ and Ex-situ X-ray Absorption Spectroscopy (XAS) Measurements 

 In-situ and ex-situ XAS characterizations including extended X-ray absorption fine 

structure (EXAFS) and X-ray absorption near-edge structure (XANES) were conducted in a 

synchrotron-based facility (HXMA beamline 061D-1) at the Canadian Light Source (CLS) capable 

of a 1×10−4 ΔE/E resolution in the energy range of 5−30 keV. To collect Ni K–edge and Zn K–

edge measurements, He-filled ionization chambers were used to measure incident and transmitted 

x-rays in the transmission mode while fluorescent X-rays were detected by a multi-element silicon 

drift detector. A double-crystal Si monochromator (Si 220) was used for both Ni K–edge (8333 

eV) and Zn K–edge (9660 eV), where the second monochromator crystal was 50% detuned at the 

end of the scan to remove higher harmonics. Further, in-situ XAS measurements of Ni K–edge 
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were carried out under CO2R conditions employing a custom-designed MEA cell that mimics 

laboratory MEA system with adaption to XAS measurement requirements and the end in HXMA 

beamline. The employed MEA reactor utilized a catalyst-loaded gas diffusion layer (GDL) with 

an active area of 1cm2 and catalyst loading of 2.5 mg/cm2. A mass flow controller (MFC) unit was 

used to regulate the CO2 gas to a flow rate of 60 sccm during the in-situ measurements, and a 

peristaltic pump was utilized to circulate 0.1M KHCO3 electrolyte in the MEA anodic side. Data 

analysis and EXAFS fitting were performed using Demeter software packages. Ni foil's first shell 

has resulted in a 0.74 amplitude reduction factor which was used to determine other EXAFS fitting 

parameters. 

5.3.8  Electrode Preparation for CO2 Electrolysis 

15 mg of each catalyst powder was dispersed in a 3:1 mix solvent of IPA:H2O and 50 µL 

of Nafion solution (5%) was added, the mixture was sonicated for 1 hour until the complete 

suspension. Gas diffusion electrodes were prepared by drop-casting the previous ink on a 

microporous carbon paper layer (SGL 34BC) as a substrate and kept at room temperature for 12 

hours before CO2R measurements.  

5.3.9 Electrode Engineering in MEA-based CO2 Electrolyzer 

MEA-based electrolyzer was purchased from Dioxide Materials Inc. and validated for CO 

production using Dioxide Materials standard electrode. Prior validation, MEA was constructed by 

the mechanical pressure of both cathodic and anodic GDEs whereby a standard catalyst layer (2 

cm*2.5 cm) and IrO2 layer (2.5 cm* 2.5 cm) were used, respectively. Subsequently, the developed 

catalyst-based GDEs with an active area of (1.9 cm*1.9 cm) were integrated into the validated 

MEA electrolyzer to evaluate them for CO2R. Both anodic and cathodic GDEs were separated by 
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an anion exchange membrane (Dioxide Materials; Sustainion X37-50). A humidified CO2 gas was 

fed to the cathodic catalyst side with a mass flow control unit using 80 sccm flow rate while 1M 

KHCO3 electrolyte was supplied to the anodic side using a 50 mL/min flow rate. The overall 

reaction was held at ambient conditions and controlled using a Biologic VSP-300 potentiostat. To 

investigate the influence of different reaction factors such as GDE active area, catalyst loading, 

and catalyst deposition method, a homogenous catalyst structure of Ni–N–C developed in our 

previous work38 was selected for the optimization study and evaluated using four different GDE 

configurations (a 5cm2 square-based configuration, 1cm2 square-based configuration, 1cm2 

rectangle-based configuration, and 1cm2 catalyst active area integrated into a 5cm2 GDE). Also, 

three catalyst loading (1, 2, and 4 mg/cm2) and two deposition methods (spray coating and drop-

casting) were investigated. A gas chromatography (GC) unit was employed to quantify the 

obtained gas products, more specifically CO and H2. GC instrument SRI, model: 8610C, multi-

Gas configuration #5 provided with both flame ionization detector (FID) and thermal conductivity 

detector (TCD) was used, in which the sample loop in the GC is linked directly to effluent from 

the MEA. 

5.4  Results and discussions 

5.4.1 Structure and Morphology  

Synthesis of ZIF-8 nanoparticles has been performed in previous reports58, and a uniform 

rhombododecahedral crystal shape was obtained. The synthetic methods and hypothesized 

structural transformations of both catalyst designs are illustrated in Figure 5.1. To investigate the 

morphology and elemental distribution of the developed catalysts at different Ni2+: Zn2+atomic 

ratios and metal content, TEM imaging at different magnifications (Figures 5.2a−h and S1a−d) 

and HAADF-STEM coupled with EDS mapping (Figures 5.3a–d and S1e,f) have been 
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performed. Both [a-Ni3ZnC@Ni-Zn-N-C] and [b-Ni3ZnC@Ni-Zn-N-C] catalysts (Figure 5.2a–

d) exhibited a heterogeneous distribution of different species comprising large carbon particles, 

carbon nanotubes (CNTs), and dark metallic particles of different sizes varying from few 

nanometers to ca. 150 nm. Figure 5.2e–h reveals that a ZIF-8-like graphitic structure has been 

generated in [a-Ni-Zn-N-C] and [b-Ni-Zn-N-C] catalysts along with the formation of a small 

portion of CNTs in the b-Ni-Zn-N-C catalyst. Initially, the pre-impregnation procedure of Ni salt 

into the ZIF-8 structure has assisted in the physical adsorption of Ni2+ ions on its pores and surface. 

The co-pyrolysis of ZIF-8 embedded with Ni(NO3)2 at elevated temperatures (~1000°C) has likely 

led to the evaporation of Zn2+ sites (their boiling point is ca. 910°C) and the formation of an N-

doped graphitic structure resulting from the decomposition of ZIF-8 building blocks (2-methyl 

imidazole). These N-doped carbonaceous sites are postulated to act as coordination sites for the 

pre-adsorbed Ni2+ ions to create atomically isolated Ni-NX/C sites. The atomic ratio between the 

impregnated Ni2+ ions and the existing Zn2+ was demonstrated previously to play a significant role 

in the obtained catalyst morphology, for example, 0.5:1 Ni2+:Zn2+ atomic ratio was found to 

produce a homogenous structure of atomically dispersed Ni-NX/C sites, whereas 2:1 Ni2+: Zn2+ 

atomic ratio led to the formation of metallic Ni-based particles38. However, our findings 

demonstrated that varying the atomic ratio along with metal concentrations has resulted in 

generating different active sites. During pyrolysis, introducing an excess Zn2+ atomic ratio (ca. 

Ni2+: Zn2+1:5 and 1:14) has likely suppressed the ionic exchange process and assisted in forming 

atomically dispersed dual Ni-Zn-NX sites immobilized in a graphitic structure as revealed in [a-

Ni-Zn-N-C] and [b-Ni-Zn-N-C] catalysts. This could be observed in EDS mapping of the same 

catalysts, Figure 5.3c,d illustrates a homogenous distribution of Zn, Ni, N, and C elements in 

both catalysts with no observation of metallic-based particles in [a-Ni-Zn-N-C] catalyst and only 
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few Ni particles in [b-Ni-Zn-N-C] catalyst. This suggests that Ni and Zn species were largely 

dispersed in the N-C matrix to create atomically dispersed dual Ni-Zn-NX/C sites. On the contrary, 

the progressive increase of metal content at the same atomic ratios in [a-Ni3ZnC@Ni-Zn-N-C] and 

[b-Ni3ZnC@Ni-Zn-N-C] catalysts has produced a heterogenous structure of different species. EDS 

mapping of these catalysts (Figure 5.3a,b) shows the presence of metallic Ni-based particles, 

intermetallic particles that contain Ni, Zn, and C, and homogenously distributed Ni, Zn, N, and C 

species. This could be likely speculated to the formation of Ni3ZnC particles along with metallic 

Ni and atomically dispersed dual Ni-Zn-NX/C sites. The formation of metallic Ni3ZnC along with 

Ni-based particles could be likely because the formation of atomically dispersed dual Ni-Zn-NX/C 

sites has achieved a saturation point where Ni-Zn pairs started to agglomerate and form metallic 

Ni3ZnC and Ni-based particles. Further, the reason that CNTs were not observed in the [a-Ni-Zn-

N-C] catalyst compared to the other prepared catalysts is likely the very low Ni content in this 

catalyst. Generally, CNT nucleation through Ni sites is governed by several factors, for instance, 

Ni content, synthetic procedures, Ni crystal facets, composition, and morphology of the Ni 

catalyst.59 The progressive increase of Ni content in the different catalysts has resulted in the 

enhancement of CNT formation accordingly, whereby [a-Ni3ZnC@Ni-Zn-N-C] and [b-

Ni3ZnC@Ni-Zn-N-C] catalysts show a relatively large portion of CNTs compared to [b-Ni-Zn-N-

C] catalyst. An acid wash strategy has been employed by nitric acid (1M) and hydrochloric acid 

(4M) for one of the developed catalysts [b-Ni3ZnC@Ni-Zn-N-C] as illustrated in Figure S1a−f. 

Unlike the impact of HNO3 acid wash, it could be observed that concentrated HCl acid has likely 

succeeded to leach out all metallic particles, leaving a structure of homogenous atomically 

dispersed dual Ni-Zn-NX/C sites through the catalyst. While the catalyst yield is a key parameter 

for the practical employment of these catalysts, it is worth mentioning that the developed catalysts 
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with heterogenous features have produced ~450mg/batch, which is almost 10-fold the 

homogenous catalyst yield (~50mg/batch). 

 

Figure 5-1 A schematic diagram illustrates the synthetic approaches and anticipated active sites 
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Figure 5-2 TEM images of all developed catalysts with different Ni2+: Zn2+ atomic ratios and 

metal loadings. (a,b) [a-Ni3ZnC@Ni-Zn-N-C], (c,d) [b-Ni3ZnC@Ni-Zn-N-C], (e,f) [a-Ni-Zn-N-

C], and (g,h) [b-Ni-Zn-N-C]. 

 

Figure 5-3 HAADF coupled with EDS elemental mapping of all developed catalysts with 

different Ni2+: Zn2+ atomic ratios and metal loadings. (a) [a-Ni3ZnC@Ni-Zn-N-C], (b) [b-

Ni3ZnC@Ni-Zn-N-C], (c) [a-Ni-Zn-N-C], and (d) [b-Ni-Zn-N-C]. 

 

To obtain detailed insights into the crystalline structure of the developed catalyst designs, 

PXRD measurements have been performed of heterogenous, homogenous and acid-washed 

catalysts (Figure 5.4). The PXRD spectra of [a-Ni3ZnC@Ni-Zn-N-C] and [b-Ni3ZnC@Ni-Zn-N-

C] reveal similar diffraction peaks at 42.7°, 49.7°, 73.3° which could be assigned to Ni3ZnC (111), 
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(200), and (220), respectively, (Figure 5.4a,b). It could be observed that these crystalline 

characteristic peaks have higher intensity in [b-Ni3ZnC@Ni-Zn-N-C] compared to [a-

Ni3ZnC@Ni-Zn-N-C] which could be due to the lower Ni content in the latter catalyst. NiO (202) 

and (220) diffraction peaks at 43.6°, 62.9° were observed in [a-Ni3ZnC@Ni-Zn-N-C] which is an 

indication of the formation of some NiO species in this catalyst. Both [a-Ni3ZnC@Ni-Zn-N-C] 

and [b-Ni3ZnC@Ni-Zn-N-C] catalysts shared similar features of Ni (111), (200), (220) at 44.4°, 

51.7°, 76.2°, respectively. These observations are consistent with the TEM and EDS insights that 

demonstrated the formation of a heterogeneous structure of Ni3ZnC and metallic Ni. On the 

contrary, [a-Ni-Zn-N-C] demonstrated almost an amorphous structure with no significant 

diffraction peaks which implies that both Ni and Zn species were not in a crystalline structure for 

PXRD detection and likely have created atomically dispersed dual Ni-Zn moieties immobilized in 

N-doped carbon structure instead of the formation of either metallic Ni or Ni3ZnC-based particles. 

Similar features were obtained for [b-Ni-Zn-N-C] except for the presence of very small peaks at 

44.4° and 51.7° that could be assigned to Ni (111) and (200), respectively. By combining the 

obtained insights from TEM, EDS and XRD, it could be proven that metal content plays a 

significant role in controlling the morphology and crystalline structure of the prepared catalysts. 

PXRD spectra in Figure 5.4c,d illustrates the impact of acid wash on [b-Ni3ZnC@Ni-Zn-N-C] 

catalyst using HNO3 and HCl. It could be observed that, unlike HNO3 acid, HCl acid has leached 

out all metallic Ni and Ni3ZnC particles, leaving an amorphous structure of atomically dispersed 

dual Ni-Zn-NX/C sites. 
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Figure 5-4 PXRD spectra of all developed catalysts at different Ni2+:  Zn2+ atomic ratios and 

metal loadings. (a) spectra of the different catalyst designs, (b) a magnified spectra indicate the 

matching of the assigned peaks and pdf cards (c) spectra of [b-Ni3ZnC@Ni-Zn-N-C] catalyst 

before and after acid wash using different acids, and (d) a magnified spectra assign the different 

peaks to the pdf cards. 
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Among the developed catalysts, the heterogenous design of [a-Ni3ZnC@Ni-Zn-N-C] and 

[b-Ni3ZnC@Ni-Zn-N-C] have been selected for further characterization using X-ray photoelectron 

spectroscopy (XPS). The employment of XPS measurements has revealed that the near-surface 

composition of both catalysts is ca. 80.0 at. % carbon, 7.5 at. % nitrogen, 8.0 at. % oxygen, 3.5 at. 

% Ni, and less than 1.0 at. % Zn. N 1s high-resolution spectra of [a-Ni3ZnC@Ni-Zn-N-C] is 

illustrated in Figure 5.5a, whereby four different peak positions are observed, that includes, 

pyridinic-N, graphitic-N, quaternary-N, and N-oxidized at 399.1, 401.2, 402.7, 404.9 eV, 

respectively. Previously, N-configurations have been proven to significantly influence the 

electrocatalytic performance of different catalysts. However, the precise identification of the local 

coordination environment by XPS is a challenge due to the ambiguity of XPS data fitting, 

therefore, in-situ and ex-situ extended X-ray absorption fine structure (EXAFS) measurements 

were performed for the developed catalysts. Figure 5.5b shows the Ni 2p spectra of the same 

catalyst, two main peaks are centered at 854.4 and 856.17 eV, the major peak at 854.4 eV 

demonstrates higher binding energy than the metallic Ni0 (852.9 eV) and lower than that for Ni2+ 

(856.17 eV), suggesting that Ni moieties are mostly in a state with low-valent than Ni2+ and higher 

than metallic Ni0. Zn 2p spectra (Figure 5.5c) indicate two XPS peaks at 1021.3 and 1022.4 eV, 

these peaks could be assigned to the presence of metallic Zn0 and Zn2+, respectively. For C 1s 

spectra illustrated in Figure S3, three different peaks were deconvoluted into 284.7, 286, and 287.4 

eV, these are characteristic peaks of C=C/C–C, O/C–N, and C=O, respectively. Similarly, [b-

Ni3ZnC@Ni-Zn-N-C] catalyst shared most of the XPS characteristics of [a-Ni3ZnC@Ni-Zn-N-C], 

where N 1s spectra exhibit four peaks deconvoluted into 398.87, 400.91, 401.89, and 404.03 eV 

which could be ascribed to pyridinic-N, pyrrolic-N, graphitic-N, and N-oxidized as shown in 

Figure 5.5d. Ni 2p spectra reveal two peaks at 854.15 and 855.56 eV which could be attributed to 
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Nid+ and Ni2+, respectively. Zn 2p spectra show a major metallic Zn0 peak at 1021.8 eV, while C 

1s spectra represent three main peaks at 284.7, 285.6, and 287.6 eV, these peaks are assigned to 

C=C/C–C, O/C–N, and C=O, respectively (Figure S2).  

 

 

Figure 5-5  XPS spectra of [a-Ni3ZnC@Ni-Zn-N-C]: (a) N 1s, (b) Ni 2p3/2, and (c) Zn 2p3/2, and 

[b-Ni3ZnC@Ni-Zn-N-C]: (d) N 1s, (e) Ni 2p3/2, and (f) Zn 2p3/2. 

 

5.4.2 Electrochemical Measurements and Electrode Engineering 

 

The electrocatalytic performance of the synthesized catalyst designs has been investigated 

in CO2R at industrially relevant reaction rates, all synthesized catalysts were integrated into gas 

diffusion electrodes (GDEs) and evaluated for CO2R using a membrane electrode assembly (MEA) 

electrolyzer. GDE-driven CO2R, whereby CO2 molecules transfer through the GDE/catalyst 

interface and get reduced, is one of the most reliable and efficient CO2R technologies that enable 
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higher electrocatalytic activity and selectivity compared to planar electrodes. As illustrated in 

Figure 5.6a, gas diffusion electrodes predominantly comprise a gas diffusion layer (GDL) which 

plays a significant role in gas permeability, the local environment around the catalyst, and the mass 

transport of products, reactants, and water from and to the catalyst layer.60 GDEs are integrated 

into a membrane electrode assembly (MEA) electrolyzer with a zero-gap configuration (Figure 

5.6b) to lower the ohmic resistance and enhance the reaction rates under CO2R conditions. The 

ultimate electrocatalytic performance of GDEs during CO2 electrolysis is governed by the catalyst 

structure/design, integration strategies, and local microenvironment that surrounds the catalytic 

interface. The microenvironment of the integrated GDE regulates most of the physical and 

electronic properties and GDE-driven CO2R could be significantly enhanced by altering these 

properties.60 

5.4.2.1   MEA Optimization and Validation for CO2R 

 

A systematic study has been carried out to optimize and validate the MEA electrolyzer 

before evaluating the prepared catalyst designs including the catalyst/GDL active area, loading, 

and deposition procedures. A homogenous catalyst design of atomically dispersed Ni–N–C 

catalyst developed and reported in our previous work38 has been selected for this systematic study. 

Initially, the impact of altering the catalyst/GDE active area has been evaluated by the employment 

of different GDE configurations, whereby Ni–N–C catalyst ink was prepared and drop-casted on 

four different GDE active areas using a catalyst loading of 2mg/cm2. The selected active areas 

were a 5cm2 square-based configuration, 1cm2 square-based configuration, 1cm2 rectangle-based 

configuration, and 1cm2 catalyst active area integrated into a 5cm2 GDE, these configurations are 

denoted here as GDE–1, GDE–2, GDE–3, and GDE–4, respectively, and illustrated in Figure 

5.6c–f. All developed GDE configurations have exhibited high selectivity towards CO production 
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at different reaction rates and certain limitations (Figure S4a–c). GDE–1 with a large active area 

has demonstrated 86% of CO FE and 150mA/cm2 at 2.9V, and the MEA electrolyzer was stable 

during the course of the reaction. On the contrary, GDE–2 and –3 configurations with smaller 

active areas revealed lower activities compared to GDE–1, while the difference in geometry has 

not induced remarkable changes in the obtained activity. GDE–4 with a large GDE active area (5 

cm2) and smaller deposited catalyst area (1 cm2) showed better electrocatalytic activity compared 

to the other configurations where ca. 90% CO FE was obtained and 210 mA/cm2 at 2.7V. The 

improved electrocatalytic activities of GDE–1 could be speculated to the increased CO2 mass 

transport through the carbon support, leading to achieving high conversion rates compared to 

smaller active areas with limited CO2 mass transport. However, the higher catalytic activity of 

GDE–4 could be likely postulated to the elimination of the CO2 mass transfer factor in which a 

large number of CO2 molecules achieved the diffused active sites inside the 3-D carbon fibre-

based GDE. Therefore, this configuration does not provide reliable and reflective insights into the 

real intrinsic activity of the integrated catalyst.  

One of the common challenges of employing MEA technology in CO2R is cathode 

flooding. At high current densities, water molecules penetrate the deposited catalyst layer on the 

GDE and consequently hinder the transfer of CO2 molecules to the active sites. There are several 

factors that influence cathodic floodings such as the decomposition of GDL and the back diffusion 

of water molecules along with cations to the cathode. Further, we found that the active area 

employed has an indirect effect on the possibility of cathode flooding during CO2R. GDEs with 

large active areas (GDE–1 and –4) have demonstrated a fairly stable system with no flooding 

observation, however, GDE–2 and –3 have experienced flooding, especially at high applied 

voltages. Using small active areas has affected the homogenous diffusion of the catalyst ink inside 
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the GDE and formed a non-homogenous catalyst layer which was detached from the GDL surface 

after a short time, leading to the decomposition of the GDE, also the agglomeration of a large 

number of the active sites has likely blocked many of them and decreased CO2 mass transport 

during the reaction. 

Another factor has been investigated by varying the catalyst loading (Figure S4d–f). GDE–

2 configuration was selected to deposit three different catalyst loadings, that includes 1mg, 2mg, 

and 4mg/cm2. Our findings revealed that increasing the catalyst loading would enhance the 

reaction rates towards CO production by introducing a high concentration of active sites. However, 

it was found that 2mg and 4mg/cm2 catalyst loadings have resulted in cathode flooding at 2.9V 

and 2.5V, indicated by red and blue arrows, respectively, (Figure S4e). This could be likely 

attributed to the same observation of the aggregation of catalyst particles on the small active area, 

resulting in fast detachment of the catalyst layer. This consequently has hampered the further 

increase of catalyst loading using this GDE configuration. Therefore, varying the catalyst loading 

has revealed that GDE configurations with large active areas were found to provide a practical 

implementation of CO2 electrolysis using MEA by affording a stable system with limited cathode 

floodings.  

Further, the influence of the catalyst deposition method was evaluated by using drop-

casting and spray gun methods. Our results showed that the deposition method has impacted the 

electrocatalytic activity. Using the spray gun method has led to a significant decrease in the 

electrocatalytic activity, suggesting that an amount of the catalyst ink has not been sprayed 

properly and got restricted inside the gun needles. As the gaseous phase products of CO and H2 

are being identified and quantified using a GC unit, it is very crucial to consider the GC capabilities 

and detection limits for both products. Although the utilization of GDE configurations with large 
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active areas has been proven in this study to provide an efficient and stable MEA system for CO2 

conversion to CO at high reaction rates. However, the GC capabilities could be challenging while 

producing high gaseous concentrations that exceed the GC detection limit. This could result in the 

imprecise quantification of these products along with limiting the further increase of catalyst 

loading and GDE active area.  

5.4.2.2   CO2 Electrolysis of the Developed Catalyst Designs  

 

Following the optimization methods, a GDE configuration of 3.61 cm2 and a catalyst 

loading of 4mg/cm2 were selected to evaluate the newly developed catalysts using an MEA 

electrolyzer with 1M KHCO3 anolyte circulation. The electrocatalytic performance of all materials 

prepared at different Ni2+: Zn2+ atomic ratios and metal content is summarized in Figure 5.7. 

Initially, all developed materials exhibited the production of CO and H2 under CO2 electrolysis 

conditions, whereby a variety of different voltages in the range of 2.5V to 3.2V was applied. The 

obtained CO Faradaic efficiencies of each electrocatalyst are illustrated in Figure 5.7a, which 

reveals that [a-Ni3ZnC@Ni-Zn-N-C] catalyst exhibited CO selectivity of 92% and 344 mA/cm2 at 

2.9V. While [b-Ni3ZnC@Ni-Zn-N-C] catalyst showed CO FE of ca.100% and 448 mA/cm2 at 

3.1V. These activities are relatively higher than those resulted from the homogenous design of [a-

Ni-Zn-N-C] and [b-Ni-Zn-N-C] catalysts which showed maximum CO FE of 88% and 66mA/cm2 

at 2.8V, and 90% CO FE and 165mA/cm2 at 2.8V, respectively. 

The improved electrocatalytic activity of the heterogenous design compared to the 

homogenous one could be speculated to the presence of Ni3ZnC-based particles in the 

heterogenous design as confirmed by the PXRD (Figure 5.4a,b) and TEM/EDS measurements 

(Figure 5.2a–d and Figure 5.3a, b). The ability of Ni3ZnC particles to catalyze CO2 

hydrogenation to CO has been recently discussed by Nagila et al who achieved 100% of CO 
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selectivity.56 Therefore, we postulate that the presence of Ni3ZnC particles in the structure has 

likely resulted in enhancing the reaction rates under CO2 electrolysis conditions. To ensure this 

contribution of both Ni3ZnC particles and the atomically dispersed Ni-Zn-NX/C sites in the overall 

CO2R performance, the best-performance sample [b-Ni3ZnC@Ni-Zn-N-C] has been acid washed 

using (1M) HNO3 and (4M) HCl. According to PXRD spectra in Figure 5.4c,d, the crystalline 

features of Ni3ZnC remained after HNO3 acid wash procedure, however, it could be observed that 

electrocatalytic performance of the same sample showed a substantial decrease in the activity and 

selectivity during CO2R, achieving a maximum CO FE of 78% and 110 mA/cm2 at 2.5V, 

suggesting that the acid treatment has leached out a large amount of the atomically dispersed dual 

Ni-Zn-NX/C sites that contribute to the overall CO2R performance. Similar performance 

observations were obtained when using HCl for acid washing – which has been proven to leach 

out the Ni3ZnC particles as illustrated by PXRD spectra in Figure 5.4c,d – that showed a maximum 

CO selectivity of 87% at 280mA/cm2 and 3V. These findings illustrate that the presence of both 

Ni3ZnC sites and the atomically dispersed dual Ni-Zn-NX/C sites has likely improved the  

electrocatalytic performance of this catalyst design. Further electrochemical impedance 

spectroscopy (EIS) Nyquist plot shown in Figure 5.7d illustrates that [b-Ni3ZnC@Ni-Zn-N-C] 

catalyst exhibited smaller interfacial charge-transfer resistance (RCT) with the value of 17.99 

compared to [b-Ni-Zn-N-C] catalyst that has RCT value of 53.45. This suggests that the electron 

transfer kinetics of [b-Ni-Zn-N-C] catalyst design is relatively sluggish compared to [b-

Ni3ZnC@Ni-Zn-N-C] catalyst under CO2R conditions. The electrochemical active surface area 

(ECSA) has been assessed on selected catalysts as shown in Figure 5.7e. The obtained results 

indicated that [b-Ni-Zn-N-C] catalyst has half value of [b-Ni3ZnC@Ni-Zn-N-C], suggesting that 

the heterogeneous structure affords a higher number of active sites than the homogenous structure. 
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Figure 5-6  (a) a schematic diagram illustrates the GDE configuration with the integrated 

catalyst layer, (b) a schematic diagram shows the MEA cell components, (c–f) different GDE 

configurations: (c) GDE-1, (d) GDE-2, (e) GDE-3, and (f) GDE-4. 
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Figure 5-7  The electrochemical performance of the prepared catalysts; (a) and (b) show the 

Faradaic efficiency of CO and H2, respectively, (c) the obtained total current densities of all 

catalysts, (d) EIS measurements of [b-Ni3ZnC@Ni-Zn-N-C] and [b-Ni-Zn-N-C] catalysts., and 

(e) ECSA measurements of [b-Ni3ZnC@Ni-Zn-N-C], [b-Ni3ZnC@Ni-Zn-N-C-AW-HNO3], and 

[b-Ni-Zn-N-C] 

 

5.4.3 Ex-situ and In-situ XAS Measurements  

In-situ and ex-situ XAS (EXAFS and XANES) measurements have been carried out to identify the 

local environment, coordination, and existing species in the developed catalyst designs. Figure 

5.8a,b illustrates ex-situ XANES spectra of Ni K-edge of all developed catalysts along with 

different reference spectra of such as NiO, Ni–TPP and Ni foil. The obtained spectra revealed that 

the rising edges of all prepared catalysts (homogenous and heterogenous designs) are positioned 

between NiO and Ni foil, suggesting an intermediate valence state between +2 and +1 and presence 

of Ni moieties. The observations were also similar for Zn through Zn K-edge XANES (Figure 

5.8c and d), whereby the Zn K-edges of all catalysts are at an intermediate between ZnO and Zn 

foil references, emphasizing that Zn species with an oxidation state between +2 and +1 were 
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formed. Furthermore, ex-situ Ni K-edge FT-EXAFS spectra are shown in Figure 5.8e, a major 

peak at 1.72°A was observed in the four catalysts including the homogenous and heterogeneous 

catalyst structures; this peak could be likely attributed to the Ni–N coordination, while another 

characteristic peak is located at 2.2°A is appeared in all prepared catalysts is indicative of the 

presence of metallic Ni particles were generated along with Ni–NX species. In the ex-situ Zn K-

edge FT-EXAFS spectra, the presence of a peak positioned at 1.46°A of [a-Ni3ZnC@Ni-Zn-N-C], 

[a-Ni-Zn-N-C], and [b-Ni-Zn-N-C] catalysts could be assigned to the Zn–N coordination. 

However, the peak intensity in [b-Ni3ZnC@Ni-Zn-N-C] catalyst is lower than the other prepared 

catalysts, indicating that other Zn species are more dominant in this catalyst structure. Also, a sharp 

peak located at 2.3°A in the FT-EXAFS spectra of [b-Ni3ZnC@Ni-Zn-N-C] catalyst spectra 

indicates that metallic Zn particles were formed in addition to Zn–NX moieties. XANES Modelling 

and Linear combination fitting (LCF) on Ni K-edge XANES have been performed for all 

developed catalysts to identify the existing species and approximate their ratios in each catalyst 

structure. Five different models have been employed for LCF fitting, including metallic Ni, Ni-

TPP(N4), Ni3ZnC, Ni-TPP(N3), and Ni–Zn-TPP (Figures S6a–e and S7a–e). LCF fitting 

parameters and weight distribution are included in Table S1 where the presence of metallic Ni, 

Ni-TPP(N3), Ni3ZnC, and Ni–Zn-TPP species were identified in the four samples. The 

approximate concentration via LCF of these species was found to be varied in each catalyst 

composition. In the heterogeneous catalyst structures, Ni-Zn-TPP was dominating the [a-

Ni3ZnC@Ni-Zn-N-C] catalyst structure with 67.7 wt %, whereas metallic Ni was identified as a 

major component in [b-Ni3ZnC@Ni-Zn-N-C] catalyst with 68 wt%. Ni–TPP(N3) was identified 

as a minor component for both catalysts within the range of 8 wt% to 23 wt%. In the homogenous 

catalyst structures, Ni-Zn-TPP formed ~41 and 43 wt% in [a-Ni-Zn-N-C] and [b-Ni-Zn-N-C] 
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catalysts, respectively. While metallic Ni and Ni3ZnC also co-existe with ~ 52 and 54 wt %, 

respectively. To obtain detailed information of the nature of the active sites, in-situ XANES and 

EXAFS measurements were performed on Ni K-edge of [a-Ni3ZnC@Ni-Zn-N-C] catalyst under 

CO2R conditions. Four different spectra were collected at different applied potentials including 

OCV, 2.5V, 2.7V, and 2.9V. In-situ XANES ,is illustrated in Figure 11a, for the Ni K-edge. 

XANES spectra at OCV reveal the absence of a pre-edge peak at 3338.7 eV which is characteristic 

for the symmetry of square planar D4th of Ni sites. Also, a weak rising peak around ~8333.2 eV 

was observed which is postulated to be as a result of the transition of 1s to 3d transition. This 

dipole transition reveals that the geometry of the Ni sites is not centrosymmetric, and the Ni 

coordination of all developed catalysts is different from the Ni-TPP (Ni-N4) fingerprint. Under 

CO2 electrolysis and at 2.5V, the rising edge of OCV was shifted to a lower energy value, 

demonstrating that some of the Ni2+ species were reduced to lower valency such as Ni1+ which is 

active towards CO2R. This shift was further increased by applying 2.7V indicating that Ni1+ 

moieties were continuously generated along the course of the reaction. However, at 2.9V the shift 

to lower energy has reached a point where metallic Ni rising edge could be observed, indicating 

that the Ni1+ species is further reduced to metallic Ni sites – which favors HER – at higher voltages. 

These observations are consistent and well-correlated with the obtained electrochemical CO2R 

insights presented in Figure 5.7 whereby a max CO FE was achieved at 2.9V and 344mA/cm2, in 

which the Ni1+ species were active towards CO2R. Ni K-edge FT-EXAFS spectra at OCV show 

two main peaks at 1.72°A and 2.3 °A, which could be likely assigned to Ni–N and Ni-Ni 

coordination. 
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Figure 5-8 Ex-situ XAS measurements; (a,b) Ni K-edge XANES spectra, (c,d) Zn K-edge 

XANES spectra, (e) Ni, (f) Zn, k3-weighted FT of EXAFS spectra of all prepared catalysts and 

references. 
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Figure 5-9 XANES 1st derivative modelling guided Ni K-edge LCF comparison between the 

experimental data of (a) [a-Ni3ZnC@Ni-Zn-N-C], (b) [b-Ni3ZnC@Ni-Zn-N-C], (c) [a-Ni-Zn-N-

C], and (d) [b-Ni-Zn-N-C] and N3-Ni-Zn-N3 model. 
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Figure 5-10 XANES 1st derivative modelling guided Zn K-edge LCF comparison between the 

experimental data of (a) [a-Ni3ZnC@Ni-Zn-N-C], (b) [b-Ni3ZnC@Ni-Zn-N-C], (c) [a-Ni-Zn-N-

C], and (d) [b-Ni-Zn-N-C] and N3-Ni-Zn-N3 model. 
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Figure 5-11 In-situ XAS measurements; (a,b) Ni K-edge XANES spectra, (c) Ni k3-weighted FT 

of EXAFS spectra, and (d) k-space of [a-Ni3ZnC@Ni-Zn-N-C] catalyst at different applied 

voltages and references under CO2R conditions.  
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5.5  Conclusion 

 

In conclusion, ZIF-8 nanoparticles were utilized to develop designs of electrocatalysts by 

introducing different synthetic conditions. This has resulted in generating various active site 

moieties that are able to produce CO during CO2R. One developed design consists of 

homogenously distributed atomically dispersed dual Ni–Zn–NX/C sites. Whereas the other catalyst 

design demonstrated a heterogenous structure of Ni3ZnC-based particles and atomically dispersed 

dual Ni–Zn–NX/C sites. Both electrocatalyst designs were integrated into a gas diffusion electrode 

(GDE) and evaluated for CO2R using an MEA-based electrolyzer. Our findings exhibited that the 

co-existence of Ni3ZnC and atomically dispersed dual Ni–Zn–NX/C active sites in a heterogenous 

structure has boosted the electrocatalytic activity towards CO production, achieving 100% CO FE 

and 448 mA/cm2 by using 3.1 cell voltage. Aside from the unique electrocatalytic performance, 

unveiling the nature of the active sites in the developed catalyst designs has been explored using 

in-situ and ex-situ X-ray absorption spectroscopy.  
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Supporting Information: 

TEM images and EDS mapping, MEA configuration, XPS spectra, XAS spectra, and LCF spectra 

are included in the SI documents. 
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5.6 Supporting Information 

 

 

Figure S1. TEM images and EDS elemental mapping of [b Ni3ZnC@Ni-Zn-N-C] after acid 

wash using (a, b, and e) nitric acid and (c, d, and f) hydrochloric acid 

 

 

 

 

Figure 5-12 TEM images and EDS elemental mapping of [b-Ni3ZnC@Ni-Zn-N-C] after acid 

wash using (a, b, and e) nitric acid and (c, d, and f) hydrochloric acid. 
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Figure S2. XPS spectra of C 1s of (a) [a-Ni3ZnC@Ni-Zn-N-C] and (b) [b-Ni3ZnC@Ni-Zn-N-C] 

 

 

 

Figure 5-13 XPS spectra of C 1s of (a) [a-Ni3ZnC@Ni-Zn-N-C] and (b) [b-Ni3ZnC@Ni-Zn-N-

C] 
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Figure S3. Membrane electrode assembly (MEA) electrolyzer: the left schematic illustrates the 

MEA configuration, and the right images show the lab-based MEA setup used in CO2 

electrolysis. 

 

 

Figure 5-14 Membrane electrode assembly (MEA) electrolyzer: the left schematic illustrates the 

MEA configuration, and the right images show the lab-based MEA setup used in CO2 

electrolysis 
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Figure S4. Electrochemical performance during CO2R using different reaction factors for 

optimizing MEA setup: (a) CO FE %, (b) H2 FE %, (c) current density (mA/cm2) at different 

applied voltages of various GDE configurations using 2mg/cm2 catalyst loading. (d) CO FE %, 

(e) H2 FE %, (f) current density (mA/cm2) at different applied voltages of different catalyst 

loading using GDE-2 configuration. 

 

Figure 5-15 Electrochemical performance during CO2R using different reaction factors for 

optimizing MEA setup: (a) CO FE %, (b) H2 FE %, (c) current density (mA/cm2) at different 

applied voltages of various GDE configurations using 2mg/cm2 catalyst loading. (d) CO FE %, 

(e) H2 FE %, (f) current density (mA/cm2) at different applied voltages of different catalyst 

loading using GDE-2 configuration. 
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Figure S5. (a) Ni, (b) Zn k-space (k3-weighted) of all developed catalysts and references. 

Figure 5-16(a) Ni, (b) Zn k space (k3-weighted) of all developed catalysts and references 
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Figure S6 XANES modelling guided Ni K-edge LCF analysis of (a) metallic Ni, (b) Ni-

TPP(N4), (c) Ni3ZNC, (d) Ni-TPP(N3), and (e) Ni-Zn-TPP with the developed catalyst structures 
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Figure S7 XANES 1st derivative modelling guided Ni K-edge LCF analysis of (a) metallic Ni, 

(b) Ni-TPP(N4), (c) Ni3ZNC, (d) Ni-TPP(N3), and (e) Ni-Zn-TPP with the developed catalyst 

structures. 
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Table 5.1 XANES 1st derivative modelling guided Ni K-edge LCF parameters 

 
a-Ni3ZnC@Ni-Zn-N-C b-Ni3ZnC@Ni-Zn-N-C a-Ni-Zn-N-C b-Ni-Zn-N-C 

Standards   Weight E0   Weight E0 Weight E0   Weight E0 

Ni Metal    0.684 0.0 0.536 0.2   0.541 0.7 

Ni-TPP         

NiTPP (N3)   0.237 -1.3  0.087 3.9     

Ni3ZnC   0.085 5.8   0.054 -0.9   

N3-Ni-Zn-N3  0.677 2.0  0.229 -0.5 0.410 4.0   0.436 4.6 

R-factor 0.1 0.03 0.06 0.05 
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Figure S8 (a) XANES, (b) XANES1st derivative modelling guided Zn K-edge LCF analysis of 

all prepared catalysts and Ni-Zn-TPP model. 
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Table S 5.2 XANES 1st derivative modelling guided Zn K-edge LCF parameters. 

 
a-Ni3ZnC@Ni-Zn-N-C b-Ni3ZnC@Ni-Zn-N-C a-Ni-Zn-N-C b-Ni-Zn-N-C 

Standards   Weight E0   Weight E0 Weight E0   Weight E0 

Zn Metal    0.503 -2.8 0.27 0.2   0.25 0.2 

Zn-TPP         

Zn-TPP (N3)   0.541 -0.1    0.600 -0.9   

Ni3ZnC   0.336 -0.3 0.293 0.9 0.144 9.5 0.145 9.7 

N3-Ni-Zn-N3  0.123 1.2  0.204 6.4       

R-factor 0.05 0.09 0.05 0.04 
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6 Chapter | Conclusions and Outlook  

In this PhD thesis, our research goals focused on developing new catalyst designs for the efficient 

CO2 electroreduction along with integrating them into an industrially competitive system such as 

MEA. M–N–C, more specifically, Ni–N–C catalysts and intermetallic carbides were prepared by 

the employment of MOF structures as a platform. The main findings of this thesis have been 

divided into three chapters starting with Chapter 3.  

In chapter 3, the utilization of N-based MOF structure (ZIF-8) to produce atomically dispersed 

Ni–NX sites has been investigated, the main obtained insights are concluded as follows: 

▪ The co-pyrolysis of ZIF-8 impregnated with Ni salt at elevated temperatures has generated 

a catalyst structure of atomically isolated Ni-NX sites through an ionic exchange process. 

▪ A series of Ni–N–C catalysts have been prepared by varying the Ni2+: Zn2+ atomic ratios, 

which include 0.5:1, 1:1, 2:1, and 3:1. 

▪ The lower Ni contents in 0.5:1 and 1:1 Ni2+: Zn2+ atomic ratios were demonstrated to assist 

in generating atomically isolated Ni–NX sites, whilst higher Ni contents have produced Ni-

based nano/microparticles. 

▪ Under CO2R conditions, the developed atomically dispersed Ni–N–C catalysts exhibited 

excellent CO selectivity (ca.99% FE) at low applied potential –0.68 V vs RHE. On the 

contrary, catalysts that contain a large portion of metallic Ni particles have directed the 

selectivity towards the competing HER.  

In Chapter 4, another MOF topology (MOF-74) was used to prepare Ni–N–C catalysts. This MOF 

structure is constructed from non-N-based building blocks coordinated directly to Ni clusters. Our 

findings are concluded as follows: 



Ph.D. Thesis – F. Ismail; McMaster University – Chemical Engineering 

181 
  

▪ MOF-74 precursor has been successfully used to produce atomically dispersed Ni–NX sites 

by urea impregnation as a N source and using Mg2+ ions as spacers. 

▪ The direct pyrolysis of Ni-MOF-74 impregnated with urea has resulted in the formation of 

metallic Ni particles which favors the competing HER. 

▪ The utilization of another metal ion (Mg2+) as a spacer has increased the distance between 

the neighbouring Ni sites and assisted in the formation of Ni–NX sites. 

▪ The influence of the pyrolysis temperature has been also investigated, higher temperatures 

(e.g., 900°C) have enhanced the generation of Ni–NX sites while using lower temperatures 

(e.g., 700°C) has formed Ni-based particles. 

▪ The developed Ni–N–C catalyst demonstrated high CO selectivity during CO2R, which 

achieved 90% FE at –0.76 V vs RHE. 

In Chapter 5, ZIF-8 nanoparticles impregnated with Ni have been further employed to develop 

other catalyst designs, the main resulted insights are concluded in the following points: 

▪ At high pyrolysis temperatures, during synthesis, the atomic ratio of Ni2+: Zn2+ ions and 

the metal content have significantly influenced the structure-property relationship of the 

developed catalysts.  

▪ During synthesis, introducing excess of Zn2+ atomic ratio over Ni2+ along with the 

utilization of low metal (Ni and Zn) concentrations has generated a homogenous structure 

of atomically dispersed dual Ni-Zn-NX/C sites. 

▪ Using high metal loadings under similar synthetic conditions has led to the formation of a 

heterogeneous structure of atomically dispersed dual Ni-Zn-NX/C sites along with Ni3ZnC-

based particles. 
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▪ Both catalyst designs have been investigated for CO2 electroreduction using a membrane 

electrode assembly (MEA)-type electrolyzer and exhibited over 90% CO Faradaic 

efficiency at different current densities/reaction rates. 

▪ The heterogeneous catalyst design revealed higher activity towards CO production under 

CO2R conditions, attaining a current density of 448mA/cm2 at 3.1V. 

▪ In-situ and ex-situ X-ray absorption spectroscopy measurements were performed to unravel 

the nature of the evolved active sites under CO2R conditions 

▪ XAS measurements demonstrated that both atomically dispersed dual Ni-Zn-NX/C sites 

and Ni3ZnC particles are contributing to the overall activity during CO2R.  

 

While the focus of this thesis is developing efficient electrocatalysts for converting CO2 to CO, 

the further employment of the produced CO to generate C2+ products could be outlined in the next 

steps of this research. Cu-based electrocatalysts are still the main ones that can reduce CO2 at high 

Faradaic efficiency into C2+ chemicals despite all previous investigations. Various methodologies 

have been followed to increase the selectivity of the Cu-based catalyst towards C2+ products, that 

includes, modulating the composition of the Cu surface, exposing the preferred facets, inducing 

grain boundaries by the crystal structure modifications and finally, developing Cu-based alloys 

with other metals. Compared to the commercial Cu electrocatalyst such as Cu nanoparticles, most 

of the previously mentioned efforts have developed catalysts with low selectivity toward some C2+ 

chemicals including ethanol and ethylene. To achieve the industrial level of selectivity of these 

products and maintain high energy efficiency values, developing novel designs for electrodes and 

catalysts is required. Therefore, various attempts could be performed in the next steps of this PhD 

research, which includes the following stages: 
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Stage 1: Catalyst design and MEA integration: 

Using the outcomes of this PhD thesis, the developed Ni-based catalysts with different structures 

and active sites could be utilized to design a tandem catalyst structure that couples Ni-based active 

sites (either Ni3ZnC or Ni-Zn-N-C) and Cu-based active sites. To initiate, the following 

experimental steps could be performed: 

▪ Prepare both homogenous and heterogeneous Ni-based catalysts, and validate the prepared 

structure for producing CO during CO2 electrolysis using an MEA-based electrolyzer. 

▪ Prepare ink solutions using the homogenous or heterogenous catalyst structures using the 

methods mentioned in this thesis. 

▪ Spray-coat the prepared ink on a pure Cu-based substrate. 

▪ Vary the Ni-catalyst loading on the Cu electrode surface starting from a low loading (0.1 

mg/cm2) to a high loading (1mg/cm2). 

▪ Prepare other ink solutions that comprise both Ni-catalyst and Cu nanoparticles with 

different Ni: Cu weight ratios. 

▪ Spray-coat the mixture ink with different Ni: Cu rations on a carbon fiber electrode.  

▪ Evaluate the prepared electrodes with different methods for CO2 electrolysis using MEA 

configuration. 

▪ Optimize the catalyst integration until obtaining high selectivity toward C2+ products. 

Following this optimization and validation procedures, a catalyst design could be developed by 

the integration of Cu sites during the synthesis of the different Ni-catalysts, this could be performed 

by the thermal treatment of a precursor that contains both Ni and Cu sites, for example, H-KUST-

1 MOF impregnated with Ni salts.  
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Stage 2: Operando measurements of the developed tandem catalysts using X-ray absorption 

spectroscopy: 

Unveiling the nature of active sites and mechanistic pathways under operational conditions would 

enable producing a performance descriptor of catalyst design, which could facilitate the 

development of stable and efficient CO2R technology. To investigate the mechanistic pathways of 

CO2 electrolysis of the developed tandem catalysts under reaction conditions, XAS technique is a 

powerful tool that can provide detailed insights on the electronic configuration of the evolved 

active sites and the local coordination environment during CO2 electrolysis. These measurements 

could be carried out in a synchrotron-based facility (e.g., Canadian Light Source). This experiment 

would require an MEA electrolyzer that enables the absorption of X-ray beams, therefore, a 

modification of the commercially available MEA electrolyzer components should be done by 

replacing the stainless-steel plates with graphite ones. To perform these measurements, the 

following experimental steps should be carried out in a synchrotron facility: 

▪ Prepare fresh GDE substrates that comprise the developed tandem catalyst. 

▪ Integrate the prepared GDEs in the modified MEA electrolyzer. 

▪ Start CO2 electrolysis with applying different voltages using a reliable power supply. 

▪ Control the CO2 gas flow using a mass flow control unit. 

▪ Circulate 0.1M KHCO3 electrolyte to the anode side to keep the hydration of the 

membrane. 

▪ Record XANES and EXAFS spectra at each applied voltage starting from the lower 

voltage (e.g., 2.5V) to the higher voltage (e.g., 3.5V). 
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We postulate that following the proposed experimental plans would result in a clear enhancement 

of C2+ products (mostly ethylene and ethanol) at industrially competitive current densities/reaction 

rates. Additionally, performance descriptors of catalyst design and the nature of active sites under 

operational CO2R conditions would be provided to the catalysis community to assist in 

constructing more reliable CO2R technology.  
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