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Abstract 

The shortage and non-renewability of traditional energy sources have led to the energy crisis 

and excessive greenhouse gas emissions, which have been unavoidable responsibility of 

humankind. The fundamental solution that has gradually grown into the consensus of society 

is to develop sustainable and green energy. Reducing the widespread gases in the air such as 

carbon dioxide and nitrogen to fuel and the fine chemical is considered ideal guidance. In the 

reduction conversion process, the design of catalysts is a crucial step to affect the efficiency 

and selectivity of catalysts. On the account of the richness of sources, stability, convenient 

functionalization and compound ability, carbon-based catalysts have attracted researchers’ 

widespread interest in the research frontier of energy catalysis.  

In this thesis, we focus on carbon-based catalysts derived from Metal-organic frameworks 

(MOFs) which have a porous crystalline structure assembled from metal ions/clusters and 

organic ligands. Due to the structural regularity and adjustability, MOFs have also been 

confirmed to be ideal precursors and templates to generate nitrogen-doped carbon-based 

nanocomposite with superior metal modification via pyrolysis. Additionally, the carbon-based 

catalysts derived from MOFs can also be obtained with porous structure, which can provide 

more surface-active sites for the catalysis to further accelerate the catalytic process. 

This thesis is divided into six chapters. Chapter 1 provides basic information and design ideas 

of catalysts. Chapter 2 introduces the principles of nitrogen fixation and carbon dioxide 

reduction. It also shows the properties and morphology of a series of MOF-derived nitrogen-

doped carbon-based catalysis. Chapter 3 states the detail of our experimental methods including 

pyrolysis of MOFs to carbon-based catalyst, and the catalyst modification with metal ions. 

Chapter 4 demonstrates the first application in detail, electrocatalytic nitrogen fixation. Nickel 

modified nitrogen-doped carbon-based catalyst derived from two-dimensional zeolitic 

imidazolate framework (ZIF-L) shows improved nitrogen fixation activity. The nitrogen 

fixation mechanism is also discussed. Chapter 5 expands the application of catalysts to 

photoreduction of carbon dioxide, compared with the carbon dots and gold modified MOF-

based catalysts. Chapter 6 summarizes the research of this thesis and provides future views 

regarding the application of MOF-derived carbon-based materials in energy catalysis. 
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Chapter 1 Introduction 

With the enormous depletion of fossil fuels and excessive emission of greenhouse gases, the 

prominent energy crisis and environmental degradation have increasingly attracted 

humankind’s attention. In order to find new clean and green energy resources to replace 

traditional fuels, researchers turn their attention to the most accessible gases in the air, nitrogen 

and carbon dioxide. In the process of capturing gas resources and reduce to energy substances 

by catalysts, the design of catalysts is a crucial step to affect the efficiency and selectivity of 

catalysts. On the account of the richness of sources, stability, convenient functionalization and 

compound ability, carbon-based catalysts have attracted researchers’ widespread interest in the 

research frontier of energy catalysis [1]. 

Ammonia (NH3) is one of the important chemicals and a clean energy carrier with a worldwide 

production of 170 million per year and nearly 80% of the produced ammonia are used for the 

fertilizer industry [2, 3]. Industrial ammonia production from N2 is predominantly carried out 

via the Haber-Bosch process under high temperature (350-550 ℃) and high pressure (15-30 

MPa) [4], which was developed by Fritz Haber and Carl Bosch over a century ago [3]. 

Currently, due to extensive application of ammonia in industry and agriculture, the Haber-

Bosch process, with the high bond energy of N≡N bond (941 kJ mol-1) and strong 

thermodynamical energy barrier of first step cleavage (410 kJ mol-1), consumes 2% of the 

worldwide energy and generates 15% of global carbon emission [5]. Therefore, it is urgently 

needed to develop a green and sustainable strategy for NH3 production, which is similar with 

green biological nitrogen fixation using only N2 and H2O with low energy consumption and 

mild conditions.  

Electrochemical catalytic N2 reduction reaction (NRR) to NH3, powered by electric energy 

from renewable source, is considered as the most promising approach for N2 fixation [6, 7]. In 

this process, nitrogen source is directly  from N2 molecules in the air, and the protons are 

supplied by electrical water splitting. By applying voltage, electrons are continuously driven 

toward the electrocatalyst reaction sites. Compared with the Haber-Bosch process using H2, 

protons for electrocatalytic nitrogen fixation are provided by water splitting with its lower 

energy demand [8]. 

Photocatalytic reduction of CO2 to CO is also a crucial, sustainable and green solution to energy 
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problems. Similar with N2, carbon dioxide is widely present in the air, which could be an 

accessible and affordable gas source. Additionally, as the main component of the greenhouse 

gases, the concentration of  carbon dioxide in air increases yearly, which makes carbon dioxide 

reduction reaction (CO2RR) as an irreplaceable perfect solution [9]. Solar power, as a cheaper 

energy source compared to electrical energy produced from wind power, hydro-energy and 

fossil fuels, has no intermediate energy losses. Thus, carbon-based catalysts have also been 

widely studied in the application of  photocatalytic carbon dioxide reduction [10]. 

In this thesis, we focus on carbon-based catalysts derived from metal-organic frameworks 

(MOFs) which are a porous crystalline structure assembled from metal ions/clusters and 

organic ligands. Benefiting from adjustable 3D pore structure, high porosity, large specific 

surface area and excellent gas adsorption capacity, MOFs have been extensively applied for 

the construction of high-efficiency catalysts. On account of the structural regularity and 

adjustability, MOFs have also been confirmed to be fitting precursors and templates to generate 

nitrogen-doped carbon-based nanocomposite with superior metal modification via pyrolysis. 

Additionally, the derivatives of MOFs can also inherit its porous morphology, which can 

greatly provide more surface active sites and accelerate the catalytic process [11]. 

Metal-organic framework (MOF) derived N-doped porous carbon (NPC) as an NRR 

electrocatalyst was widely reported. Since nitrogen element has a higher electronegativity than 

carbon element, the electron density of carbon is considered to possess more positive charges, 

which is beneficial to the adsorption of N2 [5, 12]. Notably, lots of nitrogen-doped carbon 

materials are derived from zeolitic imidazolate frameworks (ZIF-8), which is a porous 

materials with adjustable high porosity, large specific surface area and excellent gas adsorption 

capacity [13, 14]. However, a new two-dimensional leaf-like ZIF (ZIF-L) with higher porosity 

and specific surface area than ZIF-8 has not received much widely attention for electrocatalytic 

NRR [15]. ZIF-L exhibits higher gas adsorption capacity than the ZIF-8 under ambient 

conditions, which implies its potential as a precursor for providing catalytic sites. 

My research project mainly focuses on the synthesis of MOF derived catalysts and improving 

their performance of NRR by doping metallic elements that can change the original structure 

of catalysts. The performance of CO2RR is also researched as an exploration direction. The 

following is the outline of the thesis. 

Chapter 1 provides a brief introduction of MOF derived carbon-based catalysts and their 
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application for NRR and CO2RR. In chapter 2, we present a literature review of studies on 

synthesis methods, structure, properties and mechanism on a series of catalysis, as well as 

recent progress in the application of NRR and CO2RR. Chapter 3 states the detail of our 

experimental methods, including the synthesis processes and characterization technology. 

Chapter 4 demonstrates the first application in detail, electrocatalytic nitrogen fixation. ZIF-L 

derived Ni, Zn co-doped nitrogen-doped porous carbon (Ni/Zn-NPC) was applied as an 

efficient electrocatalyst for NRR in neutral electrolyte. XPS reveals the mechanism of 

enhanced performance of our catalyst. Chapter 5 simply explores the application of MOF 

encapsulated gold (Au-ZIF-8) to photoreduction of carbon dioxide, compared with the carbon 

dots and gold modified MOF-based catalysts. The upconversion fluorescence of carbon dots 

effectively enhances the light response of the catalyst. Chapter 6 summarizes the research of 

this thesis and provides future views for the application of MOF-derived carbon-based 

materials in energy catalysis. 
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Chapter 2 Literature Review 

Facing the pressure of the energy crisis, exploring alternative clean energy has become the 

most important issue in the 21st century. The fundamental solution that has gradually grown 

into the consensus of society is to develop sustainable and green energy. Reducing the 

widespread gases in the air such as carbon dioxide and nitrogen to fuel and the fine chemical 

is considered ideal guidance. Nitrogen reduction and carbon dioxide reduction have become 

research hotspots to alleviate the energy crisis. 

2.1 Background 

2.1.1 Haber-Bosch Process 

As an important ammonia synthesis process, the Haber-Bosch process has been widely adopted 

for more than 100 years [16]. This crucial invention brought his creator, Fritz Haber, a Nobel 

Prize in 1918. He creatively discovered that it is feasible to synthesize ammonia by the reaction 

of atmospheric nitrogen and hydrogen in the air under high temperature and pressure [17]. Carl 

Bosch also awarded the Nobel Prize in Chemistry for improving the process. The reaction is 

shown in Equation (1), which needs to meet the conditions of high temperatures (400-600℃) 

and high pressures (20-40 MPa) [18, 19] . 

 
1

2
N2+ 

3

2
H2 ⇌ NH3  (1) 

As an exothermic reaction (ΔH298K
ο  = -45.9 kJ mol-1, ΔG298K

ο  = -16.4 kJ mol-1), according to Le 

Chatelier’s principle, the low temperature promotes the reaction to proceed forward to produce 

ammonia. However, the strong N≡N bond needs to be broken at high temperature, which 

constitutes a contradiction with ammonia generation [20]. Increasing the pressure is conducive 

to the direction of gas volume reduction, inspiring the operation of ammonia synthesis under 

20-40 MPa pressures. Theoretically, the conversion rate to the NH3 of single reaction is 15% 

under high temperature and pressure, while the reuse of unreacted H2 and N2 in the same 

conditions can achieve a final yield of 97% [21]. 

Ammonia is one of the most important and the largest-volume industrial chemicals produced 

in the industrial world. According to statistics, the consumption proportion of NH3 and its 

amino products used as fertilizer is approximately 88% in the U.S.A. Global ammonia industry 
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consumes 2% of the worldwide energy and generates 15% of global carbon emission,[5] while 

the synthetic ammonia from Haber-Bosch process accounts for 90% [22]. Crucially, Smil 

estimated that the nitrogen contained in dietary protein, an important nutrient of the human 

body, comes from Haber-Bosch process, accounting for 40% [23]. 

Today, the Haber-Bosch process is no longer an environmentally friendly and sustainable 

process because one of its reactants, hydrogen, is mainly derived from the steam reforming of 

natural gas. Natural gas is also non-renewable fossil energy and will generate a large amount 

of carbon dioxide during its reforming into hydrogen, while carbon dioxide has been 

recognized as the main greenhouse gas causing global warming [24]. Additionally, ammonia, 

as a hydrogen carrier, is attracting attention because of its 17.8 wt % hydrogen [25]. It is urgent 

to explore a new process for efficiently nitrogen fixation and synthesizing ammonia, whether 

in the environment or in the energy field.  

2.1.2 Electrocatalytic N2 Reduction to Ammonia 

The experiment of electrochemical synthesis of ammonia could be traced back to 1968 [26]. 

However, with the emergence of the energy crisis and environmental problems highlighted, the 

research of that has become more frequent since about 2016. Typically, nitrogen reduction 

reacts in the electrochemical cell filled with electrolyte. N2 molecules are adsorbed on the 

surface of the electrode and combined with protons generated simultaneously on the other 

electrode to form ammonia. 

Compared with the Haber-Bosch process, there are several obvious advantages on 

electrochemical NH3 synthesis. Firstly, the energy supply of nitrogen fixation can get rid of the 

shackles of natural gas and can be supported through renewable electricity, which implies the 

environmental sustainability of the electrochemical NH3 reduction system. Secondly, the 

electrochemical process can be carried out under ambient conditions. Artificially maintaining 

a high temperature and high pressure in the Haber-Bosch process will increase the waste of 

energy, while the electrochemical process actives N2 by using electrical energy instead of 

thermal energy. A large number of researches have also explored the electrocatalytic NH3 

synthesis at different temperatures, but most of them are from room temperature to 100 ℃ [27]. 

The more flexible temperature selection space entrusts the better environmental adaptability of 

the electrochemical process. Thirdly, the hydrogen source is more available from water instead 
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of natural gas, which can break the regional limitation for the ammonia industry. A 

considerable number of ammonia plants are constructed in natural gas production areas [28]. 

The electrochemical process will no longer be restricted because of the abundance of water on 

the Earth’s surface 

The fact that there is still no large-scale commercialization of electrochemical ammonia 

synthesis has exposed its main challenges. Low activity, selectivity and stability inevitably 

require further optimization of the electrocatalysts. The hydrogen evolution reaction also 

occurs on the cathode and forms a competitive relationship with nitrogen reduction reaction. 

Faradaic efficiency (FE) represents the proportion of electrons used in ammonia synthesis to 

the total electrons in the discharge process. High current density can increase ammonia yield 

but hydrogen evolution reaction dominate the process leading to the low Faradaic efficiency 

[29]. In contrast, low current density is accompanied by high FE and low yield of ammonia 

synthesis. The commercially viable minimum standard is predicted with the NH3 yield rate at 

least 10-6 mol cm-2 s-1 and a Faradaic efficiency up to 50% [19, 30]. 

2.2 Fundamental Principle of Electrochemical NRR 

2.2.1 Thermodynamics of NRR 

The volume fraction of nitrogen in the air is approximately 78%, but the nitrogen molecules 

exhibit extraordinary stability that is often as an inert gas (e.g., in the tube furnaces and 

glovebox). The stability not only originates from the dissociation energy of the N≡N triple 

bond (941 kJ mol-1), because the compounds with higher dissociation energies of triple bonds, 

such as HC≡CH with 962 kJ mol-1 and  CO with 1070 kJ mol-1, show better activity than N2 

[31]. However, the dissociation energies of the first bond of N≡N and HC≡CH are 410 kJ mol-

1 and 222 kJ mol-1, which reveals that it is more difficult to cleave the first bond of N≡N initially. 

Meanwhile, relatively lower proton affinity (493.8 kJ mol-1), negative electron affinity (-1.90 

eV) and high ionization potential (15.8 eV) also play a negative role in preventing protonation 

of N2 [32]. N2 has a large energy gap of 10.82 between its highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO), which prevents electrons 

migration to break bonds [32, 33]. 

Reducing one N2 molecule to two NH3 molecules requires the transfer of six protons or oxide 
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ion. Figure 2.1 shows the electrode reactions for NH3 synthesis that (a) using protons in the 

acid electrolyte and (b) using oxide ion (OH-) in alkaline electrolyte. The reactions of N2 

reduction in acid and alkaline electrolyte are as follows, respectively: 

Acid electrolyte: 

 Anode (oxidation): 3H2O ⇌ 6H++1.5O2+6e-   (2) 

 Cathode (reduction): N2 + 6H++ 6e- ⇌ 2NH3  (3) 

Alkaline electrolyte: 

 Anode (oxidation): 6OH
-
 ⇌ 1.5O2 + 3H2O + 6e-   (4) 

 Cathode (reduction): N2 + 6H2O + 6e- ⇌ 2NH3 + 6OH
-
   (5) 

 Overall: N2 + 3H2O ⇌ 1.5O2 + 2NH3   (6) 

 

Figure 2.1 Electrode reactions for electrochaemial NH3 synthesis using (a) protons and (b) 

oxide ion [19, 34]. 

 

The equilibrium potentials of N2 reduction on cathode both in two type of electrolyte are same, 

Eo = 0.092 V vs RHE (reversible hydrogen electrode), corresponding to equation (3) and (5) 

[33]. Hydrogen evolution on cathode and their equilibrium potentials show in equation (7) acid 

electrolyte and (8) alkaline electrolyte [35]. This is consistent with fact that HER often is major 

reaction in instead of NRR in cathode chamber. Theoretically, a negative paranoid voltage 

might enable the NRR at normal temperature and atmospheric pressure. In contrast to NRR, 

which requires six electrons for one nitrogen atom reduction, the HER only requires two 

electrons per one hydrogen atom [36].  
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 2H+ + 2e- ⇌ H2  Eo = 0.000 V vs RHE (7) 

 2H2O + 2e- ⇌ H2 + 2OH
-
    Eo = 0.000 V vs RHE (8) 

 N2 + H+ +  e- ⇌ N2H  Eo = -3.2 V vs RHE (9) 

 N2 + 2H+ + 2e- ⇌  N2H2 (g)  Eo = -1.10 V vs RHE (10) 

 N2H2 (g) + 2H+ + 2e- ⇌ N2H4 (aq) Eo = 0.529 V vs RHE (11) 

 N2H4 (aq) + 2H+ + 2e- ⇌ 2NH3 (aq) Eo = 0.939 V vs RHE (12) 

 N2 +  e- ⇌ N2
-  Eo = -2.78 V vs RHE  (13) 

Nevertheless, the NRR is a multipart reaction with multiple intermediate products need to be 

considered, such as diazene (N2H2) and hydrazine (N2H4) [33]. Contrast equation (9) (10) (11) 

(12), the more negative redox potentials required for the combination of nitrogen molecules 

with the initial hydrogen atoms, which indicate the difficulty to form N2H. Similarly, adding a 

second hydrogen atom also needs to be at lightly negative potentials, but it is much easier than 

the first hydrogen atom. After that, the adsorption of hydrogen atoms processes shown in 

equation (11) and (12) express positive equilibrium redox potentials. N2H2 is an exceptionally 

reactive molecule that is difficult to be detected in solution, resulting in the reaction (11) will 

complete in an instant and produce N2H4. Therefore, N2H4 is often an important substance to 

be detected to judge the selectivity of NRR. Equation (13) illustrates the equilibrium potential 

for the one-electron reduction of N2 established by the gas phase electron. Which demonstrates 

that the reduction of an electron already requires a negative potential [37]. in order to mitigate 

the obstruction of catalysis by the initial steps of NRR, the purpose of the catalyst design is to 

make the equilibrium potentials of multipole reactions close to each other. 

2.2.2 Fundamental Mechanism of Electrochemical NRR 

There are two reaction mechanism of NRR currently proposed, dissociative and associative 

mechanisms (Figure 2.2) [5]. In the dissociative pathway, before N2 interacts with catalyst 

surface, the N≡N cleaved firstly, and then a single nitrogen atom is adsorbed on the 

catalyst surface followed with being hydrogenated step by step to form ammonia. 

This mechanism mainly occurs in the Haber-Bosch process because interrupting 

the N≡N triple bond takes place with harsh conditions [38].  
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Figure 2.2 Possible reaction process of NRR including (a) dissociative, (b) associative distal, 

and (c) alternating pathways [5].  

 

For the associative mechanism, compared with that of the dissociative pathway, the gradual 

adding of H atoms occurs before the N≡N triple bond is completely broken. According to the 

sequence of adding H atoms to two different N atoms, there are further two pathways can be 

considered, distal and alternating pathways. In the distal pathway, the distal N atom first 

adsorbs H atoms one after another until an ammonia molecule is formed to release. Then, the 
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other N atom acquires another three H atoms and release ammonia molecules. Alternating 

pathway mains that H atoms are alternately added at two different N atoms. The remote N atom 

will preferentially bonds with the first H atom until to form two ammonia molecules [5, 39].  

In addition to the three mechanisms shown above for the connection of one nitrogen atom to 

the surface active site, another pathway, the enzymatic pathway which adsorbs both N atoms 

on the active sites, are similar to the alternating pathway [40]. A side-on adsorption mode of N 

atoms exhibites in Figure 2.3. Two nitrogen atoms are simultaneously adsorbed on the active 

site, which substitutes for he end-on adsorption mode of N atoms proposed on most 

heterogeneous surfaces [33]. 

 

Figure 2.3 Schematic depiction of the enzymatic pathway for catalystic conversion of N2 to 

NH3 [33]. 

 

2.2.3 Detection of Intermediate Processes. 

Density functional theory (DFT) calculations have been utilized to estimate the reactive free 

energy of multiple intermediates products in NRR. The multiple stages of the NRR are linearly 

related under a unified model [41]. The intermediates mutually restrict each other on the related 

steps. Due to the first protonation is the biggest energy barrier in the NRR process, the 

integration of theoretical calculations is possible to ultilize only one description of the N* 

binding energy to estimate the performances of catalysts [42]. The mechanism of NRR can be 

estimated through DFT free energy calculation to determine which pathway of associative 

mechanism, distal or alternating pathway [43-45]. For example, Ke and his co-worker reported 
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a comparison of Gibbs free energy by DFT calculation between different pathway on their CoO 

Quantum dots catalyst [46]. Figure 2.4 exhibits the free energy of the intermediates during two 

different pathways at U = 0 V [46]. For the first two steps, the adsorption step of nitrogen gas 

to *N2 and the first protonation of distal N atoms, both two pathways show same free energies. 

Then, for the alternating way, the next reaction that form *NHNH and *NHNH2 are significantly 

higher than that of distal pathway. The energy barrier of the distal pathway forming *NNH2 

and *NNH3 is considerably reduced, which is kinetically favourable compared to the alternating 

counterparts. Therefore, for CoO (200), the electrochemical NRR process is more inclined to 

the distal pathway [46]. The mechanism pathway is not fixed for different catalysts and DFT 

calculation. Di et al. pointed out that the alternating associative pathway is the favorable NRR 

pathway on Au (210) and (310) surface [6]. The N-doped porous carbon derived from ZIF-8 

was reported by Liu et al. with a simulation result that prefers the alternating associative 

pathways [47].  

 

Figure 2.4 Calculated Gibbs free energy of intermediates during two different pathways on 

CoO (200) at zero energy (U=0 V) [46]. 

 

In order to directly verify the simulation results, electrochemical in situ Fourier transform 

infrared spectroscopy (in situ-FTIR) is employed to monitor the reaction intermediate and 

process on the surface of the electrode [48-50]. Song et al. first provided a monitoring result 

on the surface actived sites of a porous carbon electrode applied on NRR (Figure 2.5) [51]. 

The reaction occurred at -0.2 V for near 4000 s under the nitrogen atmosphere. The IR band at 
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1106 cm-1 is assigned to the N-N stretching according to the IR research of N2H4 by Gulaczyk 

et al. [52]. With the increasing reaction time, the peak of N-N stretching is higher obviously, 

which implies the decrease of N≡N bond on the electrode surface. The bands at 1270 and 1461 

cm-1 are assigned to -NH2 waging and H-N-H bending [53]. 3235 cm-1 exhibits the intensity of 

N-H stretching, which is also increasing with the reaction time [54]. The N2Hy (1 ≤ y ≤ 4) 

species are obviously detected by in situ-FTIR during the electrochemical NRR process on the 

surface of NPC. The synchronous formation of H-N-H represents the mechanism of NRR 

process is mainly followed by associative alternating pathway. 

 

Figure 2.5 In situ-FTIR spectra of nitrogen fixtion on the porous carbon [51]. 

 

2.3 Ammonia Detection Methods 

2.3.1 Ammonia Formation Rate and Faradaic Efficiency 

In order to obtain a sufficiently large yield and FE of the catalysts, the detection 

of NH3 is a crucial process that cannot be bypassed. An accurate determination 

helps to quantitatively define the performance of the catalyst. Because 

electrochemical ammonia synthesis generally reacts in the electrolyte, and 
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ammonia has a high solubility in water which is 482 g L-1 at 24 ℃ [55], it is 

usually performed the concentration of NH3 in aqueous solutions. The basic idea 

of detection is to find the directional relationship between ammonia concentration 

and the detectable signal. Through a series of ammonia solutions that is 

determined the concentration, a relationship between that and the signal could be 

established, usually simplified to a linear correlation. Then, the concentration of 

the experimental result can be estimated by comparison. The NH3 yield rate and 

FE could be calculated by the concentration result following further equation (14) 

(15) [56]: 

 v [NH
3
] = 

CNH3
 × V

t × mcat.
   (14) 

 FE = 
3F × CNH3

 × V

17 × Q
   (15) 

CNH3 is the measured concentration of NH4
+ ions; V is the volume of the electrolyte, t is the 

reduction reaction time, and mcat. is the catalyst mass. The yield is expressed as μg h-1 mg-1
cat. 

Some researchers reported NH3 formation rates in different units, such as μg h-1 cm-2
 and mol 

s-1 cm-2, caused by different calculation methods [57]. Some catalysts are synthesized directly 

in aqueous solution and it is different to extract solids, thus replacing μg h-1 mg-1
cat with μg h-1 

cm-2, where cm2 comes from the effective electrode area. For Faradaic efficiency (15), F is the 

faraday constant, Q is the amount of charge which obtained by the integral of the i-t curve from 

electrochemical workstation. 

2.3.2 Nessler’s Reagent Method 

Nessler’s reagent method originated from Julius Nessler in 1856. Mercury (II) iodide and 

potassium iodide are dissolved in alkaline solution. Adding the mixed Nessler’s reagent 

solution to the ammonia will react to a coloured complex, forming a colloidal solution, as 

shown in equation (16). The concentration of ammonia can be detected by colorimetry at the 

absorption wavelengths between 410 and 425 nm by UV-visible spectrophotometer [58, 59]. 

The concentration of ammonia effectively establishes a relationship with the optical absorption 

intensity. However, since the reagent contains alkaline ions, metal cation impurities will react 

with them to affect the absorbance. The by-product of ammonia synthesis, hydrazine, also 
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interfere the result of Nessler’s reagent [60, 61]. Even more worrisome, the presence of 

mercury in the Nessler’s reagent, as a hazardous material, is more restricted in transportation, 

storage and application. 

 2K2HgIg + NH3 + 3KOH → HgO∙Hg(NH2)I ↓ + 7KI + 2H2O   (16) 

2.3.3 Indophenol Blue Method 

Indophenol blue method is also a colorimetric method, which based on the Berthelot 

reaction.[62] Ammonia react with hypochlorite and phenol in the alkaline solution to form blue 

coloured indophenol which can be quantitatively detected calorimetrically at wavelengths from 

625 to 660 nm [63]. The reaction shows in equation (17) [60]: 

    (17) 

There are a series of complicated steps in the whole reaction process but the mechanism has 

been mastered through the previous research [64] [65]. Monochloramine is the crucial 

intermediate produced by the reaction of NH3 and hypochlorite at 9.7 – 11.5 pH, and it can 

react with phenol to produce quinone chloramine when sodium nitroprusside exists in the 

solution. Finally, the quinone chloramine and phenol reacts to form indophenol. The initial 

indophenol appears yellow and gradually turns blue after 30 – 60 mins. The depth of the blue 

depends on the concentration of ammonia [19].  

2.4 Metal Organic Framework (MOF)-derived Catalyst for NRR 

2.4.1 N-doped Porous Carbon 

As a non-toxic element widely present in nature, carbon is always regarded as a cheap and 

environmentally friendly non-metallic catalyst. Because the electronegativity of N is higher 

than that of C, carbon doped with N will change the electron density to provide more positive 

charges, while N2 is more easily adsorbed in the charge accumulation area [66]. Due to the 

simple synthesis and large specific surface area, ZIF could be an outstanding precursor for N-

doped carbon materials to inherit the porous property. 

Wu’s group pyrolyzed a ZIF-8 precursor at 1100 ℃ under N2 flow to produce NPC for nitrogen 
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fixation, achieving NH3 formation rate of 3.4 × 10-6 mol cm-2 h-1 under -0.3 V vs RHE and FE 

of 10.2% [44]. They compared the relationship between the ammonia yield and the content of 

the three different types of N species (including pyridinic N, pyrrolic N and graphitic N), with 

a result that graphitized N was not the reaction site of NRR but was the pyridinic N3 active 

sites. The intermediates free energy of DFT simulation was calculated to support their 

conclusion. Liu et al. also reported a NPC derived from ZIF-8 as an NRR electrocatalyst with 

a yield rate of 1.40 mmol g-1 h-1 under ambient condition [47]. They proved that the pyridinic 

and pyrrolic N was an adsorption and active site with the defect formation and charge 

polarization. 

2.4.2 Metal and Metal Oxide Composite Catalyst 

Due to MOF is a topological structure composed of the central sites of metal atoms and organic 

ligands, controlling the following pyrolysis temperature and environment can effectively 

synthesize special metal and metal oxide composite structures. Li Xiaoman’s group reported a 

variety of MOF-derived metal oxide composite catalysts for electrocatalytic nitrogen reduction 

[67-69]. ZIF-67, one kind of MOF with cobalt as the central metal atoms, was utilized as a 

precursor to synthesis the Co3O4@NCs derived from ZIF-67 with the ammonia yield rate of 

42.58 μg h-1 mg-1
cat and  an FE of 8.5% at -0.2 V (vs RHE) [69]. Multi-step pyrolysis under the 

ambient and inert argon conditions provided a special core-shell structure [69]. Similar strategy 

was used to form C@NiO@Ni microtube from Ni-BTC, attaining an ammonia formation rate 

of 43.15 μg h-1 mg-1
cat and FE of 10.9% at -0.7 V (vs RHE) in 0.1 M KOH [67]. Protons was 

adsorbed on the abundant NiO/Ni interfaces for overcoming the difficulty of capturing protons 

in alkaline electrolytes [67]. Carbon/Y-stabilized ZrO2 nanocomposite (C@YSZ) derived from 

UiO-66 exhibits excellent stability and durability in the electrochemical NRR with 24.6 μg h-1 

mg-1
cat and FE of 8.2% (-0.5 V vs RHE) [68]. After seven days of ammonia synthesis, C@YSZ 

performance can be maintained at 89%, exceeding most reported NRR catalysts. Yang et al. 

embedded nano porous gold in ZIF-8 (NPG@ZIF-8) with 28.7 μg h-1 mg-1
cat and FE of 44% (-

0.6 V vs RHE). They utilized hydrophobicity of ZIF-8 to block water from contacting the active 

site located on the gold surface, inhibiting the hydrogen evolution reaction (Figure 2.6) [70]. 
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Figure 2.6 Schematic illustration of NRR by the NPG@ZIF-8 [70]. 

 

2.4.3 Single Atom Catlysis 

Monoatomic materials, as a research highlight recently, are increasingly revealed the 

mechanism as NRR catalysts. Geng et al. successfully synthesized Ru single atoms distributed 

on N-doped carbon (Ru SAs/N-C), achieving a record-high yield rate of 120.9 μg h-1 mg-1
cat 

and FE of 29.6% [71]. ZIF-8 as a precursor locked the Ru atoms at the coordination process of 

the ligand and metal cation, and then Ru single atoms were anchored into the N-doped carbon 

through pyrolysis under 900℃. The schematic illustration of the synthesis process for Ru 

SAs/N-C shows in Figure 2.7. Yang et al. utilized similar techniques, anchoring single atom 

by pyrolysis ZIF-8, successfully obtained cobalt single atoms free-standing carbon nanofibers 

(HCNFs) [72]. They loaded ZIF-8 on carbon nanofibers membrane produced by 

electrospinning, which could be an electrode directly to reduce the impact of other electrode 

carriers (Figure 2.8) [72]. HAADF-STEM carried out on field-emission transmission electron 

microscope and the X-ray absorption fine structure (XAFS) spectra are indispensable technique 

for the detection of single atom sites. 
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Figure 2.7 Schematic illustration of the synthesis pocedure for Ru SAs/N-C [71]. 

 

 

Figure 2.8 Schematic illustration of the synthesis of CoSA/HCNFs composites [72]. 

 

2.5 Carbon Quantum Dots (CQDs) for Photocatalytic CO2RR 

Carbon quantum dots (CQDs), also considered as carbon dots (CD) and graphene quantum dots 

(GQD) according to different synthesis route, are a new type of carbon nanoparticle with a 

diameter between 3 and 20 nm [73]. They were accidentally discovered in the purification 

process of single-walled conbon nanotubes [74]. CQDs are spherical layered graphene 

structures with a large amount of surface functional groups including epoxy, hydroxyl and 

carboxyl groups. (Figure 2.9a) The O content range from 5% to 50% in weight, which is relied 

on the different synthetic pathway [75]. The presence of functional groups gives excellent 

water solubility and provide varied properties containing fluorescence [76]. Figure 2.9b shows 

the lattice spacing of single CQD to be around 0.32nm, which well with the crystallographic 

<002> spacing of carbon [77]. 
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Figure 2.9 (a) The schematic structures of carbon dot [78] and (b) a single CQD on Cu2O 

[77]. 

 

2.5.1 Photoluminescence and Up-conversion Fluorescence 

Photoluminescence (PL) is light emission from CQDs after the absorption of photons 

(electromagnetic radiation). CQDs typically show optical absorption in the low wavelength 

visible light region and the UV region with absorption band between 260 to 320 nm [79-81]. 

Figure 2.10 (a-d) exhibit the typical fluorescence microscopy images of fluorescent carbon 

nanoparticles (FCNPs) under different excitation (λex) 360 nm, 390 nm, 470 nm, and 540 nm 

[82]. The same sample, CNPs with 5-10nm diameter, is excited to blue, green, yellow, and red 

emissions, respectively. Figure 2.10e shows the typical PL spectra of FCNPs. Under the 

UV/visible light excitation of 300 nm- 600 nm, the visible emissions are shown by FCNPs 

under the range from blue-to-red wavelength. They obtained the maximum emission at 350 nm 

[82]. 

CQDs have up-conversion fluorescence emission properties [83-86]. An 800 nm femtosecond 

pulsed laser could excited CQDs to emit visible light [86]. CQDs possess up-conversion 

fluorescence emissions have been proven by different synthetic routes of CQDs [83, 85, 87]. 

A multi-photon excitation process was considered as the origination of the up-conversion 

fluorescence emissions. Li et al more clearly show the emissions (λem) of CQDs at different 

excitation lights (λex) (Figure 2.11) [83]. Under the long-wavelength light (from 500-1000nm), 

emissions located in the range from 325nm to 425nm. The utilization of low-energy long-

wavelength converting to high-energy short-wavelength implies that CQDs can become a 

potential component to enhance photocatalysts. 
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Figure 2.10 (a-d) Fluorescence microscopy images and (e) PL spectra of FCNPs [82]. 

 

 

Figure 2.11 Upconverted PL properties of CQDs [83]. 

 

2.5.2 CQD-assisted Composite Catalyst 

Compared with conventional semiconductor photocatalysts, composite CQDs have become a 

novel strategy to improve photocatalytic efficiency. TiO2/CQDs and SiO2/CQDs have been 

proved the excellent photocatalytic activities in the degradation of  methyl blue (MB) [83]. 

CQDs/Cu2O composite was reported as an effective photocatalysts driven by visible light for 

the reduction of CO2 to methanol . Up-converted PL property of CQDs shown the enhancement 

of light under (N)IR photocatalytic activity, which broaden the light response capability of 

Cu2O [77, 88]. Recently, Cu2O based photocatalyst which has a surface layer containing CQDs 
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and a carbon thin film to protect Cu2O photocatalytic centres (CL@CQDs/Cu2O) improved 

CO2 reduction to methanol with a small amount of methane [89]. Yadav et al. reported 

functionalized GQDs (fGQDs) as photocatalysts for CO2 conversion to formic acid [90]. The 

formation rate of CO2 reduction to formic acid exhibited 99.48 μmol h−1 because the 

chromophore-functionalized GQD coupled with formate dehydrogenase can utilize light 

energy from UV to NIR. N-doped GQDs can electrocatalyst CO2 reduction into hydrocarbons 

and oxygenates toward ethylene and ethanol at high current density and low overpotential. The 

Faradaic efficiency reaches to 90% and the selective conversion is 45% [91].  
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Chapter 3 Catalyst Synthesis and Characterization 

Techniques 

3.1 Synthesis Methods 

3.1.1 Experimental Chemicals 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), sodium sulphate (Na2SO4), sulfuric acid (H2SO4, 

95%~98%), ammonium chloride (NH4Cl), sodium hydroxide (NaOH), hydrogen peroxide 

(H2O2, 30%), nickel nitrate hexahydrate (Ni(NO3)2·6H2O), sodium salicylate (C7H5NaO3), 

potassium sodium tartrate tetrahydrate (C4H4KNaO6·4H2O), hydrazine hydrate (N2H4·H2O, 

50%), ethanol, methanol were purchased from Sinopharm Chemical Reagent Co. Ltd.. 2-

methyl imidazole (2-MeIM), sodium nitroferricyanide dihydrate (C5FeN6Na2O·2H2O) were 

purchased from Shanghai Aladdin Biochemical Technology Co. Ltd.. sodium hypochlorite 

solution (6%-14%) was purchased from Shanghai Macklin Biochemical Co. Ltd.. Nafion 117 

solution (5 wt%) and Nafion 117 membrane were purchased from Sigma-Aldrich Co.. The 

deionized (DI) water was produced using Ulupure ultra-pure water, with a resistivity of 

18.2MΩ·cm.  All the chemicals were used without any further purification. 

3.1.2 Catalysts Preparation Method 

Synthesis of ZIF-L 

In a typical experiment, Zn(NO3)2·6H2O (1.041 g) was dissolved in 7mL of DI water. 2-MeIM 

(4.598 g) was dissolved in 70 mL of DI water. The above 2-MeIM solution was added in the 

Zn(NO3)2·6H2O solution drop by drop by injection syringe with 5 mL min-1 injection rate. The 

mixed solution was kept under vigorous stirring at 25 ℃ for 1h. The as-obtained precipitate 

was separated by centrifugation and washed by DI water and methanol  for 3 times, respectively. 

Finally, the dried ZIF-L sample was obtained at 60 ℃ under vacuum  for overnight. 

Synthesis of Zn-NPC 

The obtained ZIF-L was heated in 900 ℃ with a heating rate of 5 ℃ min-1 under N2 flow for 

3 h in a tube furnace. After the temperature of tube furnace naturally dropped to the room 

temperature, the Zn-NPC was obtained and it would be used as a catalyst directly. 
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Figure 3.1 Schematic illustration of the synthetic procedure of Ni/Zn-NPC composites. 

 

Synthesis of Ni/Zn-NPC 

Mixture of Zn(NO3)2·6H2O (4.598 g) and Ni(NO3)2·6H2O  (0.0254 g), keeping the molar ratio 

of Ni2+ and Zn2+ was 1:40, was dissolved in 7 mL DI water, which was dropwise added by 70 

mL of DI water containing 4.597g 2-MeIM. After vigorous stirring at 25 ℃ for 1h, the as-

obtained precipitate (donated as Ni-containing derivative of ZIF-L) was separated by 

centrifugation and washed by DI water and methanol  for 3 times, separately.  Then, the Ni-

containing derivative of ZIF-L dried at 60 ℃ under vacuum  for overnight. Finally, the dried 

derivative was heated in 900 ℃ with a heating rate of 5 ℃ min-1 under N2 flow for 3 h in a 

tube furnace, which the process was similar with Zn-NPC. The Ni and Zn nanoparticles 

decorated on nitrogen-doped carbon (denoted as Ni/Zn-NPC) was obtained as the catalyst 

without further treatment after the tube furnace was naturally cooled to room temperature. 

Schematic illustration of the synthetic procedure of Ni/Zn-NPC composites is shown in Figure 

3.1. 

Synthesis of Au-ZIF-8 

Au nanoparticle was prepared by photo-reduced method. Firstly, 0.055g HAuCl4 was slowly 

added into water (15mL) at room temperature with magnetic stirring for 10 min. Then, 4.5 mL 
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ethanol was added into the above solution as sacrificial agent. 0.197 g of 2-MeIM was added 

into the above solution and then 15 mL of zinc acetate solution (0.04M) was dropwise added 

to the obtained solution. The mixture aqueous was irradiated with xenon light source for 5 min 

to obtain Au nano partials. After vigorous stirring at 25 ℃ for 3h, the as-obtained precipitate 

was separated by centrifugation and washed by DI water and ethanol  for 3 times, separately. 

Finally, the precipitate was vacuum dried at 60 ℃ for 3 hours. 

Synthesis of CQDs/Au-ZIF-8 

The synthesis method of carbon quantum dots refers to the previous work [92], an 

electrochemical synthesis method by electrolytic graphite rod. The synthesis procedure is 

similar with that of Au-ZIF-8, except that the initial 15 ml of solvent is changed from water to 

the obtained water-soluble carbon dot solution. 

3.1.3 Instruments 

Figure 3.2 provides the picture of the high temperature tube furnace system. The argon stream 

from the argon cylinder continuously flows through the glass tube during the whole heating 

process, squeezing out the air and providing an argon atmosphere. The conical flask with water 

continuously emits bubbles to ensure that the system is not leaking and the argon flow remains 

stable. An empty flask is connected before the conical flask to prevent liquid absorbing back 

to tube furnace. All equipment is placed in a fume hood to ensure that argon is exhausted. 

 

Figure 3.2 High temperature tube furnace system. 
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Other instruments used during the catalyst synthesis process are shown in the Table 3.1. 

Table 3.1 Instruments in this work. 

Instruments Specifications Instruments Specifications 

 

Ultrasonicator 

Ultrasonic 

input power: 

600W 

 

DI water 

Ulupure 

 

Centrifuge 

Maximum 

18000 rounds 

per minute 

(rpm) 

 

Vacuum drying oven 

Temperature 

range: room 

temperature + 

10 ℃ to 

200 ℃, 1350W 

 

Automatic injection pump 

AC 100 -240V 

50/60 Hz 
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Figure 3.3 JEOL JSM-7800F SEM. 

 

3.2 Characterisation Techniques 

3.2.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is employed to characterize the morphology of the catalyst. The 

electron gun can release high-energy electron beam under high voltage. The electro beam is 

condensed at a point and hits the surface of the sample with a small light spot from around 50 

μm to several nm diameter. Electromagnetic lens are used to focus the light beam. After the 

electron beam bombards the surface, it will excite electrons with surface information, which 

can be collected through the sensor and displayed to form the real-time imaging record. 

In this work, the JEOL JSM-7800F SEM (Figure 3.3) is used to observe the morphology of 

catalysts. When preparing samples for SEM, a small amount of catalyst powder is dissolved in 

ethanol and sonicated for at least 30 minutes until the powder equably dispersed in the solution. 

A drop of solution falls on the silicon slice. When the ethanol is evaporated, the silicon slice is 

stuck on the sample holder. 
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Figure 3.4 (a) Shimadzu LabX XRD-6100 and (b) Shimadzu UV-2600. 

 

3.2.2 X-ray Diffraction (XRD) 

XRD is an significant technique to characterize structure and lattice parameters of crystalline 

materials. The monochromatic X-rays are produced by high-speed free electrons bombarding 

the target source materials. Since crystals are composed of unit cells with atoms arranged 

regularly, when the distance between these regularly arranged atoms and the incident X-ray 

wavelength satisfy the Bragg equation (18):  

2d sinθ = nλ       (18) 

Where d is the spacing between crystal planes; n is the reflection order; θ is the diffraction 

angle; λ is the wavelength of X-rays. The structure of crystal can be determined by the 

orientation and intensity of XRD spectra. In this work, we use the Shimadzu LabX XRD-6100 

to explore structure of our catalysts (Figure 3.4a).  

3.2.3 Spectroscopy Intruments 

Ultraviolet-Visible (UV-Vis) Spectrophotometer 

The UV-Vis spectrophotometer is a measuring device that uses ultraviolet-visible absorption 

spectroscopy to identify and determine the contents of drugs or chemicals based on the 

absorbance measured at specific absorption wavelengths. According to the detection methods 

of electrochemical ammonia synthesis in the literature review, whether it is indophenol blue 
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method or Nessler’s reagent method, detecting their photometric absorbance at a specific 

wavelength can determine the concentration and yield of ammonia. [63] [57] Shimadzu UV-

2600 is used in our work (Figure 3.4b). 

Raman Spectrometer 

Raman spectroscopy can be used as a basis for qualitative analysis of molecular structure. The 

molecular vibrations characteristic of different chemical bonds or groups reflect changes in the 

specified energy levels and exhibit characteristic peaks. The degree of graphitization of the 

porous carbon structure can be effectively characterized by Raman spectroscopy at specific 

peak positions. In this work, we used RTS-mini confocal Raman microscopy system. 

 

Figure 3.5 RTS-mini confocal Raman microscopy system. 

 

X-ray photoelectron spectroscopy (XPS) 

XPS can analyse the information on elemental composition and content. Through the 

processing of the data, the chemical state and bonds also could be further obtained. The X-ray 

beam incident on the surface of the sample is a photon beam, which can excite the electron 

layer within the atoms with a thickness of 10 nm on the surface of the sample. We will analyse 

the bonding state of each element in the catalyst through XPS provided by ESCALAB 250 

using focused monochromatized Al Kα radiation of 1486.6 eV. 
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Figure 3.6 Micromeritics TriStar Ⅱ 3020 in our work. 

 

3.2.4 BET Surface Area and Porosity 

For nitrogen reduction catalysts, nitrogen adsorption capacity and specific surface area are 

important indicators. A certain proportion of the mixed gas of carrier gas (He) and adsorbate 

gas (N2) is continuously introduced into the sample tube. At a low temperature (liquid nitrogen 

bath), the sample adsorb N2 and keep balance, and the temperature is raised to desorb the N2 

molecules adsorbed by the sample. During this process of heating and cooling, the 

concentration of the mixed gas changes and is detected to obtain the adsorption amount of the 

sample. The ratio of the carrier gas and the adsorbate gas is adjusted to obtain different partial 

pressure points, and the liquid nitrogen cup is repeatedly raised and lowered for adsorption and 

desorption. The amount of adsorption under different partial pressures could be measured in 

this way. In this work, Micromeritics TriStar Ⅱ 3020 (Figure 3.6) is used to quantify the 

specific surface area and adsorption capacity of catalysts. 

3.3 Summary 

In summary, we successfully synthesiszed MOF-derived carbon-based catalysts. Pyrolysis of 

ZIF-L in tube furance was an effective method to obtain Ni/Zn-NPC which would be applied 

for electrochemical ammonia synthesis in chapter four. CQDs/Au-ZIF-8 was also further 

applied for photcatlytic carbon dioxide reduction in chapter five. The morphology and structure 

of the catalysts will be revealed by the above instruments including SEM, XRD, Raman 
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spectroscopy, XPS and BET. These techniques could also estimate the catalytic mechanism in 

next chapters. 
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Chapter 4 Nickel (Ni), Zinc (Zn) Co-doped Nitrogen-

doped Carbon from Leaf-like Metal Organic 

Frameworks for Electrocatalytic Nitrogen Fixation 

4.1 Introduction 

Electrochemical catalytic N2 reduction reaction (NRR) to NH3, powered by electric energy 

from renewable source, is considered as the most promising approach for N2 fixation [6, 7]. In 

this process, nitrogen source is directly  from N2 molecules in the air, and the protons are 

supplied by electrical water splitting. By applying voltage, electrons are continuously driven 

toward the electrocatalyst reaction sites. Compared with the Haber-Bosch process using H2, 

protons for electrocatalytic nitrogen fixation are provided by water splitting with its lower 

energy demand [8]. 

Metal-organic framework (MOF) derived N-doped porous carbon (NPC) as an NRR 

electrocatalyst was widely reported. Since nitrogen element has a higher electronegativity than 

carbon element, the electron density of carbon is considered to possess more positive charges, 

which is beneficial to the adsorption of N2 [5, 12]. Notably, lots of nitrogen-doped carbon 

materials are derived from zeolitic imidazolate frameworks (ZIF-8), which is a porous 

materials with adjustable high porosity, large specific surface area and excellent gas adsorption 

capacity [13, 14]. However, a new two-dimensional leaf-like ZIF (ZIF-L) with higher porosity 

and specific surface area than ZIF-8 has not received much widely attention for electrocatalytic 

NRR [15]. ZIF-L exhibits higher gas adsorption capacity than the ZIF-8 under ambient 

conditions, which implies its potential as a precursor for providing catalytic sites. 

Herein, we reported a ZIF-L derived Nickel (Ni), Zinc (Zn) Co-doped Nitrogen-doped Carbon 

(Ni/Zn-NPC) as an electrocatalyst for nitrogen fixation in neutral electrolyte. The experimental 

results demonstrated that Ni element could promote the transition from graphite N to the edge 

of N active sites that including pyrrolic and pyridinic N. The edge of defective N was proven 

to have a higher nitrogen adsorption energy than graphite N, which was more conducive to 

NRR [44]. When tested in 0.1M Na2SO4 electrolyte, Ni/Zn-NPC achieved a high NH3 yield of 

26.68 μg h-1 mgcat
-1 at -1.0 V (vs. RHE). Notably, this electrochemical catalyst also showed 

structural stability and long cycle life. 
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4.2 Preparation and Characterization 

Ni/Zn-NPC was prepared from Ni-ZIF-L precursors by pyrolysis process. The synthetic 

procedure of Ni/Zn-NPC is illustrated in Figure 3.1. First, Ni-ZIF-L (MOF, consisting of Ni2+, 

Zn2+ and 2-Methylimidazole) was prepared through mixing aqueous zinc nitrate, nickel nitrate 

and 2-MeIM. The Ni/Zn atomic ratio is 1:40. Then, Ni-ZIF-L was heated at 900℃ with a 

heating rate of 5 ℃ min-1 under N2 flow for 3 h in a tube furnace to obtain the Ni/Zn-NPC 

electrocatalyst. As a contrast, Zn-NPC without Ni doping was synthesized from ZIF-L by the 

same pyrolysis method. 

 

Figure 4.1 XRD patter of ZIF-L and Ni-ZIF-L. 

 

In order to investigate the structures of Ni/Zn-NPC and Zn-NPC, a series of characterizations 

were conducted which including X-ray diffraction (XRD) and X-ray photoelectron 

spectroscopy (XPS). Figure 4.1 shows the XRD patterns of Ni-ZIF-L and ZIF-L, which prove 

that the obtained precursors are MOF structures successfully [15]. The XRD patterns of Ni/Zn-

NPC and Zn-NPC are displayed in Figure 4.2. Both Ni/Zn-NPC and Zn-NPC exhibited two 

broad peaks, (002) and (101) facets of graphite carbon, which were located at 24.1° and 43.3°, 

respectively. The XRD results indicated that the regular MOF structure was transformed into 

amorphous graphite carbon after pyrolysis. Nickel was not detected by XRD patterns because 

of low doping content. Compared with the almost insulated ZIF-L material, the conductivity 
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can be enhanced by the convert to disordered amorphous carbon [68]. XPS was employed to 

investigate the element valences. As shown in Figure 4.3, the Zn 2p, O 1s, N 1s and C 1s peaks 

were detected at 1044.8, 531.8, 398.4 and 285 eV. A faint peak of Ni 2p appeared at 852.6 eV 

in Ni/Zn-NPC curve, which proved the existence of Ni at the surface of the catalysts. The same 

electronic orbit peaks were also appeared in Figure 4.4, the XPS survey spectra of ZIF-L and 

Ni-ZIF-L, which illustrated the inheritance of element types during the pyrolysis. Zn 2p scan 

windows of Ni/Zn-NPC showed peaks at 1021.2 and 1044.1 eV [70] in Figure 4.5a, while Ni 

2p revealed in Figure 4.5b was no obvious peak due to background noise and scarce content. 

 

Figure 4.2 XRD patterns of Ni/Zn-NPC and Zn-NPC. 
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Figure 4.3 XPS survey spectra of Ni/Zn-NPC and Zn-NPC. 

    

Figure 4.4 XPS survey spectra of (a) ZIF-L and (b) Ni-ZIF-L. 

   

Figure 4.5 (a) Zn 2p and (b) Ni 2p bind energy windows of Ni/Zn-NPC. 
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According to the previously mentioned synthesis method, a typical ZIF-L structure in SEM 

was obtained as shown in Figure 4.6a. Compared with the SEM image of Ni-ZIF-L (Figure 

4.6 b), ZIF-L modified by trace Ni element still maintained leaflike, which indicated that the 

modification of Ni may cause lattice distortion instead of macroscopic morphological changes. 

After carbonization, the SEM porous morphology of Ni/Zn-NPC is shown as Figure 4.6c. The 

intense high-temperature carbonization reaction destroyed the regular structure of ZIF-L, 

accompanied by the collapse of micropores and reconnection of C-C, C-N and C-Zn bonds. 

Part of the Ni atoms would be anchored in the regular tetrahedron polygon of N instead of Zn. 

The SEM image and the corresponding energy-dispersive X-ray spectroscopy (EDS) elemental 

mapping revealed the distribution of Zn and Ni elements throughout the whole Ni/Zn-NPC 

structure (Figure 4.7). According to the EDX sum spectrum quant results (Figure 4.8), the 

atomic ratio of metallic elements Ni/Zn is approximately 1:37. 

 

Figure 4.6 SEM image of (a) ZIF-L (b) Ni-ZIF-L (c) Zn-NPC and (d) Ni/Zn-NPC. 
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Figure 4.7 Mapping of (a) Ni/Zn-NPC, (b) Ni, (c) Zn and (d) Zn and Ni. 

 

 

Figure 4.8 EDX sum spectrum of Ni/Zn-NPC. 

 

Raman spectra is employed to analyse the defective condition of porous carbon. It can be found 

that both in Zn-NPC and Ni/Zn-NPC are observed a slight and gradual peak at 2730 cm-1 

attributed to 2D band of graphite in Figure 4.9 [50], which satisified with the XRD results with 

graphitic carbon peaks. Furthermore, D and G band of graphitic carbon can be observed clearly 

at the peak of 1320 cm-1 and 1580 cm-1 [50]. The intensity ratio of the D/G band (ID/IG) is 

considered to represent the graphitization level, while the D/G band of Ni/Zn-NPC (ID/IG = 
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1.125) is higher than that of Zn-NPC (ID/IG = 1.055), which implies more defects are developed 

in Ni/Zn-NPC. The active sites provided by the defects will facilitate electrocatalytic nitrogen 

reduction [93]. Meanwhile, Ni/Zn diatomic sites may be another reason for the increase in the 

disorder of the carbon plane [94]. 

  

Figure 4.9 Raman spectra of (a) Zn-NPC and (b) Ni/Zn-NPC. 

     

Figure 4.10 N2 adsorption–desorption isotherms curves of (a) Ni/Zn-NPC and (b) Zn-NPC. 
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Figure 4.11 Pore width distribution curves of (a) Ni/Zn-NPC and (b) Zn-NPC. 

 

We used BET to investigate  The specific surface area and pore width distribution of Ni/Zn-

NPC and Zn-NPC. Figure 4.10 shown a type IV curves represented micropores on both two 

NPC, which could be confirmed by their pore width distribution curves (Figure 4.11). The 

Brunaue-Emmett-Teller (BET) specific surface area of Ni/Zn-NPC is 422.99 m² g-1, higher 

than that of Zn-NPC with 366.68 m² g-1. The micropore volume of Ni/Zn-NPC and Zn-NPC 

was  0.193 cm³ g-1 and 0.174 cm³ g-1. In a porous architecture, a large surface area were 

provided for nitrogen adsorption and provide active sites, which was beneficial to promoting 

the three-phase contact between nitrogen, electrocatalyst and aqueous electrolyte. As the result 

of the BJH (Barrett-Joyner-Halenda) method, Ni/Zn-NPC and Zn-NPC exhibits dominant 

micropores concentrated at ~2.2 nm and ~2.3 nm. 

4.2  Electrocatalytic Nitrogen Fixation 

4.2.1 Nitrogen Fixation System 

Perpetration of work electrode (cathode) 

Typically, 5 mg catalyst was dispersed in the mixture of 720 μL of ethanol and 240 μL water. 

The mixed solution was continued by adding the Nafion 117 solution (5 wt%) and sonicated 

for 30 min. Then the 50 μL of resulting catalyst ink was drop-casted onto a 1 × 1 cm2 carbon 

paper which had been soaked in 3 M H2SO4 for 12 h and washed by ethanol and DI water. The 

as-obtained carbon paper was dried at 60 ℃ under vacuum for 2 h and then was used as a work 
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electrode for nitrogen reduction reaction (NRR) directly. 

Nafion membrane treatment 

Firstly, the Nafion 117 membrane was soaked in DI water at room temperature for 10 min to 

remove surface impurities. After that the Nafion 117 membrane was preconditioned by boiling 

H2O2 (5 %) solution and ultrapure DI water at 80 ℃ for 1h respectively, followed by soaking 

in 0.05 M H2SO4 solution at 80 ℃ for 3 h and DI water at both 80 ℃ for another 1 h. Finally, 

the Nafion 117 membrane was stored in DI water at room temperature. 

 

Figure 4.12 Photo of the apparatus for NRR measurement. 

 

Electrochemical NRR measurements 

CHI 660E electrochemical workstation (CHI Instruments, Inc.) was used to collect data and 

provide catalytic voltage. We used three electrode system in the electrochemical measurement 

in which an Ag/AgCl (saturated KCl electrolyte) was used as a reference electrode (RE), the 

previously prepared carbon paper was used as the working electrode (WE), and a graphite rod 

as a counter electrode (CE). An H-cell system was used as reactor with anode and cathode 

chamber. The H-cell was separated by Nafion 117 membrane. The NRR measurement 

apparatus is shown in Figure 4.12. 40 mL electrolyte is added in the anode and cathode 

chamber representatively. A consecutive acid trap relates to the cathode chamber with 5mL of 

0.05 M H2SO4 in two 10 mL PP tube. The connection method is clearly shown in the schematic 
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diagram Figure 4.13. The purpose of adding the tail acid trap is to recover the ammonia carried 

away by the gas stream. During the measurement, a magnetic stirring with the stirring rate of 

400 rpm is applied. Neutral 0.1 M Na2SO4 solution is used as the electrolyte in the anode and 

cathode chamber. The N2 electrochemical reduction was conducted at room temperature under 

atmospheric pressure. In order to remove residual air, N2 was bubbled into Na2SO4 solution for 

at least 30 min. Then, voltage is applied to start reaction for 2 h. 

 

Figure 4.13 Schematic diagram of the reaction reactor for NRR. 

 

Calibration of reference electrode 

The  potentials were controlled by the electrochemical station. Due to using of Ag/AgCl 

reference electrode, all potentials that we measured were related to Ag/AgCl. The rults shown 

by standard hydrogen electrode (RHE) that is converted from Ag/AgCl by Nernst equation: 

E (vs RHE) = E (vs Ag/AgCl) + 0.21 V + 0.0591 × pH    (19) 

Determination of ammonia  

Indophenol blue method was adopted in our work. As a colorimetric method, a standard curve 

of known ammonia concentration required to be determined. Firstly, we need to prepare three 

types of stock reagent: Chromogenic reagent (A): 5 g of sodium salicylate and 5 g of potassium 

sodium tartrate were dissolved in 100 mL of 1 M NaOH; Oxidizing solution (B): 1.75 mL of 
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sodium hypochlorite (available chlorine 6-14 %) was added into 50 mL of deionized water; 

Catalysing reagent (C): 0.2 g of sodium nitroferricyanide was dissolved in 20 mL of deionized 

water. 

Second, standard solution was prepared by following steps. 1000 μgNH3/mL stock: 0.3146 g of 

pre-dried NH4Cl (105 ℃ for 4 h) was added in 100 mL of 0.10 M Na2SO4 solution. 10 

μgNH3/mL stock: 1 mL of 1000 μgNH3/mL stock solution was added in a 100 mL volumetric 

flask and add 0.10 M Na2SO4 solution to  the scale mark. 0.2, 0.4, 0.8, 1.2, 1.6 and 2 mL of 10 

μgNH3/mL stock solution were separately added into a 20 mL volumetric flask and added 0.10 

M Na2SO4 solution to the scale mark to obtain 0.1, 0.2, 0.4, 0.6, 0.8 and 1 10 μgNH3/mL standard 

solution. Under the same premise of other preparation conditions, 0.05 M H2SO4 standard 

solution could be obtained by replacing 0.10 M Na2SO4 with 0.05 H2SO4 solution. 

 

Figure 4.14 (a) UV-vis curves of standard solution in 0.10 M Na2SO4 and (b) calibration 

curve by indophenol blue method. 

 

Finally, 1 mL of standard solutions or sample solution was added to test tubes, following by 1 

mL of chromogenic reagent (A), 0.5 mL of oxidizing solution (B) and 0.1 mL of catalysing 

reagent (C) successively. After shaking up and standing in the dark for 0.5 h, the concentration 

of the produced indophenol blue was measured using UV-vis spectrophotometer. The 

absorption peak at 655 nm in the standard curve was linearly related to the produced indophenol 

blue and the concentration of ammonia. The standard concentration curves in 0.10 M Na2SO4 

shown in Figure 4.14. The absorbance was measured by UV-Vis spectrophotometer with the 
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special absorption peak shown near 655 nm. The fitted curve exhibites linear relationship of 

absorbance with NH3 concentration (y = 7.56935x + 0.07938, R2 = 0.9998). The standard 

concentration curves in  0.05 M H2SO4 shown in Figure 4.15. The standard curve in the acid 

electrolyte was y = 6.63435x + 0.09863 with R2 = 0.9992. 

 

Figure 4.15 (a) UV-vis curves of NH4
+  standard solution in 0.05 M H2SO4 and (b) 

calibration curve by indophenol blue method. 

 

Nessler’s reagent method also was used to determine the quantity of NH3 formation. Also, as 

a colorimetric method, the process of preparing its standard curve was similar with indophenol 

blue method. 150 μL of potassium sodium tartrate (KNaC4H4O6, 500g L-1) ultrapure water 

solution and 150 μL of Nessler’s reagent were added to electrolyte or standard solution. Then, 

the solution was placed in darkness for 20 minutes for colour development. Finally, it was 

measured by UV-Vis to obtain the absorbance data at 425 nm which related to the concentration 

of NH4
+. Figure 4.16 shows the (a) UV-vis curves of NH4

+ standard solution in 0.10 M Na2SO4 

and (b) calibration curve by Nessler’s reagent method. The standard curve in 0.10 M Na2SO4 

electrolyte was y = 2.6878x + 0.0684 with R2 = 0.9991. 
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Figure 4.16 (a) UV-vis curves of NH4
+ standard solution in 0.10 M Na2SO4 and (b) 

calibration curve by Nessler’s reagent method. 

 

 

Figure 4.17 (a) UV-vis curves of N2H4 standard solution in 0.10 M Na2SO4 and (b) 

calibration curve by Watt and Chrisp method. 
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mixing with the chromogenic reagent in the resulting electrolyte was estimated at 460 nm. A 

calibration curve used to calculate the concentrations of N2H4 is shown in Figure 4.17 (y = 

0.4657x + 0.0649, R2 = 0.9990). 

Calculation of NH3 yield  

The production rate of NH3 was calculated: 

𝑣 [NH
3
] = 

CNH3
 × V

t × mcat.

 

CNH3 is the measured concentration of NH4
+ ions; V is the volume of the electrolyte or acid trap, 

t is the reduction reaction time, and mcat. is the catalyst mass. 

Faradaic efficiency 

FE can be calculated using the equation: 

FE = 
3F × cNH3

 × V

17 × Q
 

F is the Faraday constant; Q is the amount of charge which could be obtained by the integral 

of the i-t curve from the electrochemical workstation. 

4.2.3 Results and Discussion 

To preliminarily explore the NRR activity of Ni/Zn-NPC, the LSV curves are employed Ar- 

and N2-saturated 0.1M Na2SO4 electrolytes, respectively. The reaction took place at ambient 

temperature and used the same H-cell system. As shown in Figure 4.18, a cathodic current of 

Ni/Zn-NPC rise extremely from – 0.4 V (vs RHE) because of hydrogen evolution reaction 

(HER) for both at Ar and N2 saturated atmosphere. A more positive current density could be 

observed on the N2 curve compared with that of Ar, which could indicate the supplementary 

promotion from NRR. The violent HER dominant electrode with the more negative bias 

voltages. The polarization current density curve in N2 and Ar gradually coincide. According to 

the range of difference between the current density curves, the rational potential range of NRR 

is from – 0.4 to – 1.1 V (vs RHE). As expected, both of Ni/Zn-NPC and Zn-NPC are active for 

electrochemical NRR. Meanwhile, the net current density of Ni/Zn-NPC and Zn-NPC for NRR 

(jN2 - jAr) is higher than that of Zn-NPC at the same potential, which implies that Ni/Zn-NPC is 

more active than Zn-NPC for electrochemical reduction of N2.  
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Figure 4.18 LSV curves of Ni/Zn-NPC and NPC in Ar and N2 saturated 0.10 M Na2SO4. 

 

 

Figure 4.19 NH3 formation rates and FE at different potentials. 
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Figure 4.20 (a) Current density curves of Ni/Zn-NPC from -0.8 V to -1.2 V (vs. RHE) during 

2 h reaction and (b) electrocatalytic nitrogen reduction comparison between NPC, Zn-NPC 

and Ni/Zn-NPC at -1.0 V vs RHE. 

 

The performance of Ni/Zn-NPC for electrocatalytic NRR was further assessed by electrolysing 

N2 at constant potential. The detection method of the concentrations of produced ammonia is 

indophenol blue method. Figure 4.19 demonstrates the NH3 formation rates and FE of Ni/Zn-

NPC at different potentials from -0.3 to -1.2 V (vs RHE). The highest NH3 yield of 26.68 μg 

h-1 mgcat
-1 is achieved at -1.0 V versus RHE, while the FE at that potential maintains a relatively 

low level, 1.65%. Current density curves in the 2 h reaciton of Ni/Zn-NPC from -0.8 V to -1.2 

V (vs. RHE) recorded in N2-saturated electrolyte show that the current density lasting 2h 

reaction remains almost stable at lower potentials. But at higher potentials, such as -1.1 V and 

-1.2 V, the current density decreases as reaction carry out, but in the end it can still maintain at 

a higher level than the current density of lower potential (Figure 4.20a). As shown in Figure 

4.20b, the performance of Zn-NPC was also evaluated under N2 as a comparison of Ni/Zn-

NPC at the same potential (-1.0 vs RHE). Zn-NPC exhibits an ammonia production rate of 9.93 

μg h-1 mgcat
-1, which is lower than that of Ni/Zn-NPC. Ni/Zn-NPC was bathed in 6M HCl 

solution to remove metal cations Ni and Zn to obtain NPC without metal doping. The ammonia 

yield of NPC under the same condition was 10.64 μg h-1 mgcat
-1, suggesting that only Zn doped 

NPC has no advance for electrochemical ammonia synthesis, but the Ni/Zn NPC has the 

synergistic effect for NRR.  
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carbon paper loaded with Ni/Zn-NPC was recycled for 6 times with reaction time is 2 h at every 

cycle. As shown in Figure 4.21, the NH3 formation rate gradually declines after the second 

cycle and finally stabilized to around 13 μg h-1 mgcat
-1, which is still higher than the yield of 

NPC. In contrast, FE does not decrease significantly and fluctuate around 1.00 %. The stability 

of Ni/Zn-NPC catalyst is explored by a 10h electrocatalytic test. Stable current density curve 

of Ni/Zn-NPC for 10h at -1.0 V is expressed in Figure 4.22. 

 

Figure 4.21 NH3 formation rates and FE for cyclic stability. 

 

Nitrogen was clearly detected through XPS, which indicates that Ni/Zn-NPC may provide 

nitrogen source and convert into ammonia. As shown in Figure 4.23a, in order to eliminate the 

effects of nitrogen element in the catalyst, argon instead of nitrogen is filled in the reaction 

chamber to detect the yield of ammonia. We compared the ammonia yield at - 1.0 V verse RHE, 

which is 1.12 μg h-1 mgcat
-1 in argon. Slight ammonia yield in argon might exclude the effect of 

the nitrogen contained in the catalyst itself. Similarly, we carry the catalytic system under Open 

Circuit Potential - Time (OCPT) mode to exclude the catalyst could release gas under N2. The 

yield under this condition, 0.52 μg h-1 mgcat
-1, is much lower than that in nitrogen and argon, 

indicating that the catalyst has no nitrogen reduction performance at the empty potential. The 

effect of carbon paper (CP) was also considered through comparative experiments. Figure 

4.23(b) is the UV-vis absorption spectrum of Ni/Zn-NPC catalyst (-1.0 V verse RHE) and only 

carbon paper, respectively. Acid trap (0.05 M H2SO4) and electrolyte (0.1 M Na2SO4) were 
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tested separately. There is an obvious peak of the acid trap after electrocatalytic reduction of 

nitrogen with the catalyst, compared with the acid trap absorbance of carbon paper, which 

illustrates the obvious performance of the catalyst in fixing nitrogen and excludes the influence 

of carbon paper. 

 

Figure 4.22 Time-dependent current density curve of Ni/Zn-NPC for 10h NRR at -1.0 V vs 

RHE. 

 

 

Figure 4.23 (a) Comparison of  yields under N2 , Ar (-0.8 V verse RHE) and OCPT; (b) UV-

vis absorption spectrum of Ni/Zn-NPC catalyst (-1.0 V verse RHE) and carbon paper. 
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Figure 4.24 UV-Vis absorption curve of the hydrazine at 460 nm. Hydrazine production of 

Ni/Zn-NPC at -1.0 V vs RHE compared standard curve. 

 

Hydrazine is one of the products of electrocatalytic reduction of nitrogen, the content of which 

represents the selectivity of the catalyst. The absorption curve of hydrazine produced by Ni/Zn-

NPC at -1.0 V (vs RHE) is close to 0 mg L-1 standard curve which means there is almost no 

hydrazine produced by Ni/Zn-NPC. This catalyst has excellent selectivity of electrochemical 

ammonia synthesis. 

In order to explore the strengthening mechanism of Ni/Zn-NPC with better performance in 

electrocatalytic ammonia synthesis, we analysed N1s XPS spectra of Ni/Zn-NPC and Zn-NPC. 

XPS spectra of N1s was considered as the combination of graphitic N, pyrrolic N and pyridinic 
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nitrogen atom replacing the position of a single carbon in graphene. Pyrrolic N and pyridinic 

N were the nitrogen attached to the edge of the five-membered ring and the six-membered ring, 

respectively. They were connected to only two carbon atoms. Edge nitrogen has been proven 

to possess excellent nitrogen adsorption capacity, which provides an enhanced potential for 

electrocatalytic nitrogen reduction [44, 47]. Compared with the proportion of graphitic N in 

Zn-NPC, the ratio of that in Ni/Zn-NPC decreased slightly (Figure 4.25), indicating an increase 
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in marginal nitrogen and implying lattice distortion caused by Ni. Table 4.1 shows the content 

ratio of three different types of N species according to the N1s peak areas which could represent 

the content. Figure 4.26 exhibits the areas of three different N species types in Ni/Zn-NPC and 

Zn-NPC. Ni/Zn-NPC contains more pyrrolic N and pyridinic N and less graphitic N than NPC, 

which is attributed to the doping of Ni that hinders the carbonization process during the 

pyrolysis. The edge nitrogen of five-membered ring that introduced by 2-MeIm in ZIF-L 

structure is retained to provide a nitrogen adsorption site. This result is also well reflected in 

the ammonia yield of the two catalysts. 

   

Figure 4.25 XPS spectra of the N1s for (a) Zn-NPC and (b) Ni/Zn-NPC. 

 

Figure 4.26 Contents of pyridinic, pyrrolic, and graphitic N in Ni/Zn-NPC and Zn-NPC. 

406 404 402 400 398 396

pyridinic N

398.6 eV
pyrrolic N

400.2 eV

graphitic N

401.1 eV

In
te

n
si

ty
 (

a
.u

.)

Bingding Energy (eV)

Zn-NPC   N1s
(a)

406 404 402 400 398 396

Ni/Zn-NPC   N1s pyridinic N

398.6 eVpyrrolic N

400.2 eV
graphitic N

401.1 eV

In
te

n
si

ty
 (

a
.u

.)

Bingding Energy (eV)

(b)

Ni/Zn-NPC Zn-NPC

N
 c

o
n

te
n

t

 Pyridinic N

 Pyrrolic N

 Graphitic N



 

50 

 

 

Table 4.1 Content ratio of graphitic N, pyrrolic N and pyridinic from N1s curves. 

Type Graphitic N Pyrrolic N Pyridinic N 

Zn-NPC 50.81% 7.91% 41.28% 

Ni/Zn-NPC 36.02% 15.97% 48.01% 

 

The electrochemical characteristics of the catalyst were analysed to explore the influencing 

factors on the catalytic performance. Cyclic voltammetry could be used to measure the 

electrochemical active surface area (ECSA) (Figure 4.27) [49, 96]. According to the CV curves, 

the fitting lines of electric layer capacities could be calculated in Figure 4.28. With the same 

area of 1 cm2 of carbon paper working electrode, the ECSA of the Ni/Zn-NPC and Zn-NPC is 

0.000219 and 0.0000594 mF. Because N-doped porous carbon is not a conductor or 

semiconductor, their ECSA maintain a low level. Ni/Zn-NPC shows a higher ESCA than that 

of Zn-NPC implied the promotion effect of doping Ni. In addition, electrochemical impedance 

spectroscopy (EIS) was used to evaluate the resistance of electron transfer for the 

electrocatalyst [68]. In Figure 4.29a, at the region of high frequency, Ni/Zn-NPC exhibits a 

smaller arc radius. Then, at the low frequency region, Ni/Zn-NPC has a steeper line, indicating 

the better conductivity and smaller impedance obviously. Thus, Ni doping could be an effective 

method to enhance electron transfer. 

 

Figure 4.27  CV curves of (a) Ni/Zn-NPC and (b) Zn-NPC with different scan rates. 
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Figure 4.28 Fitting lines of the double electric layer capacities in Ni/Zn-NPC and Zn-NPC. 

 

 

Figure 4.29 Electrochemical impedance spectroscopy (ESI) plots of Ni/Zn-NPC and Zn-NPC 

at (a) high frequency region and (b) low frequency region. 
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and NPC, which suggests that Ni/Zn diatomic sites may be a more favourable active sites. This 

prediction demonstrates that Ni/Zn atom pairs provided an efficient adsorption and active site 

instead of single Ni, Zn or metal-free vacancy. The adsorption of two nitrogen atoms with Ni 

and Zn repectively instead of the one nitrogen atom may be an enhanced possibility. Estimated 

Ni/Zn diatomic site could be corroborated by X-ray absorption fine structure (EXAFS) and 

aberration-corrected scanning transmission electro microscopy (AC STEM) in further research. 

The adsorption of two nitrogen atoms with Ni and Zn repectively instead of the one nitrogen 

atom may be an enhanced possibility. 

 

Figure 4.30 Illustrate schematic of Ni/Zn-NPC for NRR. 

 

4.3 Summary 

In summary, we developed a ZIF-L derived Ni/Zn-NPC porous carbon catalyst for cost-

effective ammonia synthesis from the electrochemical reduction of N2. In N2 electroreduction, 

Ni/Zn-NPC achieved highly ammonia production rate of 26.68μg h-1 mgcat
-1 at -1.0 V versus 

RHE, while the FE at that potential maintains 1.65%. Zn-NPC and NPC without metal doping 

exhibited close lower yield, which indicated that the activity sits of Ni Zn co-doped had the 

synergistic effect for enhancing NRR. The electrochemical test and the BET test also illustrated 
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the better NRR performance of Ni/Zn-NPC. Nickel doping suppressed graphitization of 

pyridinic nitrogen and pyrrolic nitrogen. Its high contents of pyridinic nitrogen and pyrrolic 

nitrogen retained more nitrogen adsorption catalytic sites, which were responsible for 

promoting ammonia synthesis. 
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Chapter 5 MOF Encapsulated Gold Enhanced by 

CQDs for Photocatalytic CO2 to CO 

5.1 Introduction 

With the industry developing and the global population rising, humankind is expected to face 

serious energy shortage and environmental deterioration in near future. Nearly 80% of the 

energy supply is based on fossil fuels, which causes the increasing of CO2 levels in the 

atmosphere. Thus, to assure long-term and sustainable solutions to CO2 accumulation, several 

strategies have been proposed and attempted to reduce CO2 emission including carbon capture 

and storage, carbon-neutral fuel utilization and CO2 reduction or conversion.[1, 97, 98] 

Generally, CO2 conversion methods can be realized by photosynthesis, thermal catalytic 

reduction and electrochemical and photocatalytic reduction. Compared to thermal and 

electrochemical catalysis driven by additional artificial energy, photocatalytic energy can be 

derived from low-cost solar irradiation, which can be realized as a truly sustainable and clean 

energy source.[99, 100] 

Photocatalytic reduction of CO2 to CO is also a crucial, sustainable and green solution to energy 

problems. Similar with N2, carbon dioxide is widely present in the air, which could be an 

accessible and affordable gas source. Additionally, as the main component of the greenhouse 

gases, the concentration of  carbon dioxide in air increases yearly, which makes carbon dioxide 

reduction reaction (CO2RR) as an irreplaceable perfect solution [9]. Solar power, as a cheaper 

energy source compared to electrical energy produced from wind power, hydro-energy and 

fossil fuels, has no intermediate energy losses. Thus, carbon-based catalysts have also been 

widely studied in the application of  photocatalytic carbon dioxide reduction [10]. 

In this chapter,  ZIF-8 is used as a carrier to successfully load Au nanoparticles and carbon 

quantum dots on it to form CQDs/Au-ZIF-8. This catalyst is applied in the photo responsive 

reduction of carbon dioxide to carbon monoxide. Compared with ZIF-8 loaded with Au only 

(Au-ZIF-8), the carbon dots effectively broaden the light response range and increase the yield 

of carbon monoxide. CQDs/Au-ZIF-8 was detected the 37.75μmol gcat.
-1 of  CO yield in the 

first hour and obtained 49.42μmol gcat.
-1

 of CO after 4 hours reaction.  
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Figure 5.1 Image of photocatalytic reactor. 

 

5.2 Photocatalytic Carbon Dioxide Reduction System 

5.2.1 Equipment and Method for Reduction Reaction 

The whole system can be divided into two parts, including the photocatalytic carbon dioxide 

reduction reaction system and the product detection system. For the first part, we used the 

photocatalytic reactor shown in Figure 5.1. Firstly, 30 mg of catalyst was added into the 

reaction chamber with 50 mL DI water. Then, the reaction chamber was sealed through the top 

cover and rubber ring. To ensure the tightness and safety, the lid was wiped with ethyl acetate 

and the rubber ring was coated with vacuum grease. The reactor was installed on PerfectLight 

Labsolar-6A all-glass automatic online trace gas analysis system (Figure 5.2a). The gas inlet 

of the reactor was connected to a CO2 gas cylinder, while the gas outlet was linked to a vacuum 

pump. In order to prevent the temperature rising of the reaction chamber under light radiation, 

a condensing circulation system was connected to the periphery of the reactor. During the 

whole reaction process, the water continued to flow from the bottom water inlet to the upper 

outlet. Gas collection window connected with the gas analysis system to ensure that the 

produced gas was automatically collected every hour. Xenon light source (Figure 5.2b) was 

continuously radiated from the top of the reactor. Before the reaction, the reaction chamber 

needed to be evacuated to ~1.2 kPa and then, CO2 was added to the chamber until the pressure 
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reached ~80 kPa, which allowed the reaction to proceed under a CO2 atmosphere. 

 

     

Figure 5.2 (a) PerfectLight Labsolar-6A all-glass automatic online trace gas analysis system 

and (b) Perfectlight PLS-SXE 300+ Xenon light source. 

 

5.2.2 Detection of CO 

The gas chromatograph was used to quantitatively detect the concentration of CO. In our work, 

KeChuang GC 2002 (Figure 5.3) directly linked with the automatic online trace gas analysis 

system. The column conllects the vaporized sample wrapped by the mobile phase. Because the 

molecular force between each component in the sample and the stationary phase in the column 

is different, the time is different for each component when they flow out of the column. The 

escaped component is recorded at different times by chromatogram and the peak intensity of 

these component represents the their concentration. It can be qualitative analysis the compound 

of sample by the time and  position of peak, while the peak height and area size can quantitative 

analyse. Quantitative detection means that the standard curve of CO concentration is required 

under the same photocatalytic reaction conditions. Therefore, a series of known volumes of CO 

gas were injected into the gas analysis system keeping 50 mL water without catalyst under light 

irradiation. GC detects the signal of CO after the diffusion of CO throughout the system. The 

standard curve of CO is shown in Figure 5.4 with y = 136.036 × x - 2265.843 R2 = 0.99909. 
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Figure 5.3 KeChuang GC 2002. 

 

 

Figure 5.4 Standard curve of CO in GC. 

 

5.3 Results and Discussion 

SEM of CQDs/Au-ZIF-8 and Au-ZIF-8 are exhibited in Figure 5.5. The surfaces of both two 

catalysts are eroded and collapsed, which possibly caused by the reduction of HAuCl4 under 

optical radiation. The dodecahedron structure of ZIF-8 is still partially inherited. Compared 

with Au-ZIF-8, there are small synapses with 30-70 nm diameter on the surface of ZIF-8 at 

Figure 5.5a, demonstrating that carbon dots are attached on the surface ZIF-8. Considering 
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that ZIF-8 has excellent CO2 adsorption performance [101] and can provide a channel 

established between the carbon dots and gold. The XPS survey spectra of CQDs/Au-ZIF-8 is 

exhibited in Figure 5.6a, listing Zn, N, C, O and Au. The signal of Au 4f is weak in the XPS 

survey spectrum, so the fine spectrum of Au 4f is analysed in Figure 5.6b. The appearance of 

Au 4f at 83.6 eV [70] indicates that it is compounded on the surface of ZIF-8. The peak position 

of Zn 3p (91.2 eV) is close to Au 4f, so it inevitably appears in Au 4f XPS spectrum.  

 

Figure 5.5 SEM image of (a) CQDs/Au-ZIF-8 and (b) Au-ZIF-8. 

 

     

Figure 5.6 (a) The XPS survey spectra and (b) the Au 4f spectra of CQDs/Au-ZIF-8. 
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first hour of the reduction reaction, CQDs/Au-ZIF-8 exhibited 37.35 μmol gcat.
-1, while Au-

ZIF-8 occupied 30.81μmol gcat.
-1. Au shown the activity of reducing CO2 to CO, while the 

recombination of carbon dots strengthens its activity. As the reaction proceeds, the CO yield 

gradually decreased after the first hour and both two catalysts showed the same trend, which 

indicated a decrease in activity and stability. After 4 hours, CQDs/Au-ZIF-8 reached to 49.42 

μmol gcat.
-1 of CO yield and that of Au-ZIF-8 was 41.40 μmol gcat.

-1. 

 

Figure 5.7 Production of CO between CQDs/Au-ZIF-8 and Au-ZIF-8. 

 

Figure 5.8 depicts the absorbance spectra of CQDs/Au-ZIF-8 and Au-ZIF-8. There is a clear 

absorption enhancement in the ultraviolet region from 250-350 nm, which may due to the 

existence of CQDs whose absorption peak in 250-300 nm region [102]. Figure 5.9 depicts the 

Kubelka-Munk transformed reflectance spectra of  CQDs/Au-ZIF-8 and Au-ZIF-8. The band 

gap energy of these two catalysts can be calculated, basing on the equation (20(20): 

(αhv)
n = A (hv - Eg)       (20) 

Here, α is the absorption coefficient; v is light frequency; A is proportionality constant and Eg 

is bandgap. The value of n depends on the property of materials. For CQDs and Au, they are 2 

for the direct band gap materials. [103, 104]. The band gap of CQDs/Au-ZIF-8 is evaluated to 

be 2.9eV, which is lower than that of Au-ZIF-8 (3.0 eV). Therefore, the formation of interaction 

heterojunction between Au and CQDs may promote to a narrower bandgap. However, 2.9 eV 
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is still higher than traditional semiconductor such as Cu2O (2.4 eV) and MoS2 (1.17 eV) [105], 

probably due to the insulation of carrier material ZIF-8. 

 

Figure 5.8 UV-vis absorbance spectra of CQDs/Au-ZIF-8 and Au-ZIF-8. 

 

 

Figure 5.9 Optical bandgap of CQDs/Au-ZIF-8 and Au-ZIF-8.  

The illustrate schematic of CQDs/Au-ZIF-8 for photocatalytic CO2RR to CO is shown in 
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the adsorption probability with Au. The excited CQDs will generate photo-generated electron 

holes, which is enhanced by the plasmon effect of gold from light irradiation [106]. The 

mobility of electrons located between CQDs, Au and CO2 accumulated at the interface of ZIF-

8 and Au could be enhanced. The electrons excited by light irradiation from CQDs and Au can 

be quickly transferred to CO2. 

 

Figure 5.10 Illustrate schematic of CQDs/Au-ZIF-8 for photocatalytic CO2RR to CO. 

 

5.3 Summary 

In this work, we synthesis two different catalysts, CQDs/Au-ZIF-8 and Au-ZIF-8. They are 

applied for photocatalytic CO2RR to CO. CQDs/Au-ZIF-8 is detected the 37.75 μmol gcat.
-1 of 

CO yield in the first hour and 49.42μmol gcat.
-1

 of CO after 4 hours reaction, which is higher 

than that of Au-ZIF-8. According to ultraviolet absorption spectra and energy band estimation, 

the heterojunction formed by CQDs and Au effectively shorten the energy band. The up-

conversion fluorescence characteristics of CQDs also broaden the photo response range of the 

catalyst to the ultraviolet region. The enhancement of CQDs is proved for ZIF-8 encapsulating 

Au in the process of CO2 reduction to CO. 
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Chapter 6 Conclusions and Outlook 

In this thesis, we started from the design and synthesis of catalysts. Then, the characterization 

technologies and the procedure of electrochemical nitrogen fixation and photocatalytic CO2RR 

were systematicall studied. Finally, the reduction product was quantitatively detected by 

comparing the standard curve.  

The main conclusions are as follows: 

1. We synthesised a variety of carbon-based catalyst materials, including Ni, Zn co-doped 

nitrogen-doped carbon (Ni/Zn-NPC) and ZIF-8 encapsulated Au and CQDs compound. 

They are applied to electrochemical nitrogen fixation and photocatalytic carbon dioxide 

reduction reaction to carbon monoxide. In order to reveal the morphology of the catalyst 

and explore the mechanism of catalytic process, various characterization instruments are 

utilized including SEM, XRD, XPS, UV-vis, Raman spectrometer, BET surface area and 

porosity analyser, gas chromatograph and electrochemical workstation.  

2. During the electrochemical ammonia synthesis measurement, Ni/Zn-NPC achieved highly 

ammonia production rate of 26.68μg h-1 mgcat
-1 at -1.0 V versus RHE, while the FE at that 

potential maintains 1.65%. Zn-NPC and NPC without metal doping exhibited close lower 

yield, which indicated that the activity sits of Ni Zn co-doped had the synergistic effect for 

enhancing NRR. The electrochemical and BET tests also illustrated a better NRR 

performance of Ni/Zn-NPC. Nickel doping suppressed graphitization of pyridinic nitrogen 

and pyrrolic nitrogen. Its high contents of pyridinic nitrogen and pyrrolic nitrogen retained 

more nitrogen adsorption catalytic sites, which were responsible for promoting NH3 

synthesis. 

3. The heterojunction formed by CQDs and Au effectively shorten the energy band, which 

provides the potential for photocatalytic CO2 to CO. Thus, CQDs/Au-ZIF-8 is detected the 

37.75 μmol gcat.
-1 of CO yield in the first hour and 49.42μmol gcat.

-1
 of CO after 4 hours 

reaction, which is higher than that of Au-ZIF-8. The up-converted fluorescence properties 

of CQDs also enhanced the performance of CO2RR. 

During my research process, carbon-based catalysts exhibit excellent diversity, flexibility and 

easy assembly. Carbon-based materials exist widely in ambient conditions and are 

environmentally friendly and inexpensive. As an admirable carrier, it conveniently combines 
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with various hybrid atoms and compounds. The hybrid substance anchored on the carbon-based 

catalyst can exert great stability in a variety of catalytic reduction reactions, both in 

photocatalysis and electrocatalysis spheres. 

The comparison of NH3 and CO yield results between different catalysts implies the catalyst 

mechanism can be further revealed in the following aspects: 

1. Double elements doping in carbon-based materials can be further explored because we 

cannot determine the combination structure of Ni and Zn in NPC and the adsorption method 

of N2 on active sites. In-situ FTIR could be an effective characterization method to reveal 

the protonation of N2. The adsorption mode can be determined as single or double-site, 

while the reaction process could be dissociative or distal pathway. 

2. DFT calculation of thermodynamics is theoretical method toestimate the reaction free 

energy of different structures and paths, which can infer the the adsorption pathway of 

nitrogen and  distribution of Ni and Zn. 

3. Diatomic co-doping catalysis anchored on carbon is a promising catalyst design scheme 

induced by pyrolysis of MOF. A series of diatomic site catalysts can be prepared by this 

method to explore their application in different catalytic fields. Combined with theoretical 

calculations, pyrolysis of MOF, as a convenient process to achieve the diatomic co-doping 

catalysis, can be further explored for the catalysts with sufficient performance for 

industrialization. 
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