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Abstract 

To satisfy the ever-increasing need for energy around the world, science is currently 

confronted with its greatest challenge. Most of the world's electricity is still produced by 

burning fossil fuels such as oil, coal, and natural gas. This is the case even though 

renewable sources of energy are becoming more and more popular. During the entire 

process of converting hydrogen into electricity, it only produces heat and water, making 

it an environmentally friendly fuel source. Water splitting is one of the renewable sources 

to produce hydrogen but requires a catalyst to minimize the potential to break water 

molecules. The economic viability of water splitting to produce hydrogen (H2) is 

constrained by the reaction's unfavorable kinetics. The development of catalytically 

active and structurally stable electrocatalysts is challenging despite high demand. In many 

cases, a catalyst is necessary for electrocatalytic water splitting. Long-term stability and 

high catalytic activity are two of the biggest obstacles to overcome when developing a 

catalyst for the hydrogen evolution process (HER). The process of decomposing water 

into its parts, hydrogen, and oxygen, holds great potential. Using inexpensive water-

splitting equipment and electrolyzer, it may be possible to manufacture marketable H2 

fuel.  It is necessary to consider several different parameters to develop an electrocatalyst 

for the hydrogen evolution reaction (HER) that is both cost-effective and highly active 

for the process of water splitting. In this experiment, the metal-organic framework formed 

from Cu-BTC and g-C3N4 is joined to form a hybrid catalyst, which is then synthesized 

using a solvothermal method. The Tafel slope of 59 mV/dec in 1 M KOH electrolyte and 

the low overpotential (only 131 mV at 10 mA/cm2) are just two of the remarkable 

characteristics of the Cu-BTC/g-C3N4 catalyst that was built for HER electrocatalysis. 

Other remarkable characteristics include. This one performs just as well as, or even better 

than, its predecessors when measured against the performance of other Cu-BTC hybrids. 

According to the findings, using Cu-BTC hybrids as an electrocatalyst for hydrogen 

evolution has the potential to be beneficial. 
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Chapter 1 

                                  Introduction 

1.1 Background 

The greatest difficulty that the present scientific age has is meeting the enormous demand 

for energy that the modern era has created. Even while the need for energy around the 

globe is growing, most of the world's electricity is still generated by the combustion of 

fossil fuels like oil, natural gas and coal [1], [2], [3]. Scientists are turning their focus to 

clean, renewable energy sources and devoting more resources to them when nonrenewable 

energy sources are depleted, and attempts are made to minimize pollution. This move 

comes as scientists are also making progress in reducing pollution. Hydrogen has the 

potential to grow into a substantial energy source in the not-too-distant future [4]–[7]. This 

is because it generates a significant quantity of energy from non-depletable, renewable 

resources like water and the energy of light (photons)[8], [9]. This potentially renewable 

fuel is utilized in a wide variety of vehicles, including airplanes, electrical devices, and 

even spacecraft. It is not possible to extract individual hydrogen molecules because these 

subatomic particles are an inseparable component of all organic matter, including water 

and hydrocarbons. Alternative methods include bio-photolysis, dark fermentation, photo-

fermentation, integrated fermentation, and artificial photosynthesis [10]–[13]. Viable 

choices include hydrocarbon steam reforming, non-catalytic partial oxidation, electrolysis 

of water, and auto-thermal reforming. Even though there are various other techniques, up 

to 98% of all hydrogen produced is still derived from fossil fuels. Natural gas makes up 

40% of the total, oil makes up 30%, coal makes up 18%, water electrolysis makes up 4%, 

and biomass can make up as much as 1% of the total[14]–[17]. 

The development of approaches for the large-scale generation of hydrogen will make it 

possible to extract hydrogen from substances that already contain hydrogen on their own. 

The production of hydrogen can be divided into two categories: those that concentrate on 

the material from which hydrogen is extracted and those that concentrate on the energy 

source that drives the extraction process[18], [19], [20]. The electrochemical water 

splitting takes input energy of G = 237.1 kJ mol-1, which is equivalent to a thermodynamic 
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potential of 1.23 V when performed under ordinary conditions[21]–[24]. HER and OER  

have relatively low energy conversion efficiencies because they require significant 

overpotentials to achieve substantial current densities. This is the reason why these 

reactions have relatively low energy conversion efficiencies[25], [26]. Due to this, the 

potential required for water splitting is higher than 1.23 in the working electrochemical 

setup[27].  

Despite the many investigations that have been carried out over the past ten years[28], the 

noble metal-based catalysts (platinum for acidic water electrolysis and iridium or 

ruthenium oxides for alkaline water electrolysis) continue to be the most effective.  Metal-

organic frameworks, often known as MOFs, are a newly discovered family of materials 

that, despite their great porosity, exhibit exceptional crystallinity and long-range 

organization [29]. MOFs are constructed from organic ligands and metal ions (or clusters), 

which serve as the basic elements. MOFs have clusters of metal or ions of metal along 

with solvent molecules and organic ligands. During MOF-driven catalytic processes, the 

coordinated solvent molecules, such as water, frequently become unstable. Because of 

this, the metal center of the MOF will be coordinatively unsaturated[30], [31]. The 

dynamic structure, ultrahigh surface area, design tunability, and crystalline nature of the 

material, in addition to its high porosity (90% free volume), contribute to the remarkable 

optical, electrical, and catalytic properties that come from the material. Their possible 

applications have lately been researched in a variety of various domains, including carbon 

dioxide (CO2) collection, sensing, adsorption, and catalysis[32]–[34]. MOFs have been 

the subject of extensive research due to the possibility that they could operate as an active 

catalyst in the electrochemical and photoelectrochemical (PEC) generation of 

hydrogen[33], [35]–[37]. Cu-based MOFs offer high stability, electrochemical properties, 

photochemical properties, high catalytic activity, and stability and due to this, it has been 

the subject of research for a variety of applications. Some of these applications include 

hydrogen storage, photovoltaics, ammonia sensing, HER, and absorption, CO2 

reduction[38]–[42].  

Based on the Cu-Pd findings, the overpotential was determined to be 200 mV, and the 

Tafel slope was determined to be 28.2 Vdec-1[43]. Ting Song and colleagues demonstrated 

that hydrogen evolution might be accelerated by using photocatalysis using visible light 
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in their experiment. The Cu-based MOF demonstrates a variety of desirable 

characteristics, including a high hydrogen evolution rate (5.7 mmolh-1) and outstanding 

long-term stability when irradiated with visible light[44]. Meso-Cu-BTC MOF 

electrocatalyst was prepared with minimal effort using a basic method in alkaline media 

and had a low overpotential (89.32 mV), onset potential (25 mV), and Tafel slope (33.41 

mVdec-1) [42]. 

1.2 Essentials of Water Splitting 

Photocatalysis and electrocatalysis are two methods that can be used to split water 

molecules[45], [46]. These methodologies have the potential to produce hydrogen in the 

most effective and environmentally friendly manner. It takes a large amount of time to 

create an O-O bond, which results in the loss of four electrons and four protons, making 

it a significant bottleneck in the process of splitting water[47]. 

1.2.1.  Photocatalytic Water Splitting 

As demonstrated in Figure 1a, water can be broken down into its parts, hydrogen, and 

oxygen, by utilizing photocatalysts. The process of photocatalysis on semiconductor 

particles can be broken down into three primary stages: i) the photon absorption having 

high energy compared to the semiconductor bandgap, which leads to the hole pair and 

electron generation in the semiconductor particles; (ii) separation of charges, and shifting 

of photogenerated carriers in the particles; and (iii) the chemical reaction occurs at the 

surface between semiconductor particles and photogenerated carriers (for example, H2O) 

[48], [49], [50]. Criteria for photocatalysts are: (i) have a larger charge separation, (ii) have 

faster charge transportation, and (iii) have a narrow energy gap between their bandgap and 

band edge[51]. 



4 

 

Figure 1: Illustration of photocatalysis process over semiconductors [52] 

To make the process of H2 evolution easier, thin layers of semiconductor materials that 

can be employed for photocatalysis and electrocatalysis is prepared. Different catalysts 

have been produced for photocatalysis of water splitting i.e., FTO, When analyzing water 

splitting in the visible spectrum, mesoporous titania thin films produced on fluorine-doped 

tin oxide (FTO) electrodes were used[53]–[56]. However, other typical semiconductors 

such as silicon carbide (SiC), zinc oxide (ZnO), and cadmium sulfides (CdS) are inactive 

for the process of water splitting. This is because the band gaps of these materials do not 

align well with the redox potential required for this process, which results in photo 

deterioration. In the process of photo-corrosion, photogenerated holes take the place of 

water as the oxidant of the anion in the catalyst. In addition, most semiconductor catalysts 

require ultraviolet (UV) radiation, even though only around 4% of the energy that the sun 

provides is UV[57]. Because visible light makes up more than half of all incoming solar 

energy, researchers are actively looking for photocatalysts that work well in the visible 

light spectrum. This is because these photocatalysts have the potential to increase the 

efficiency with which solar power is generated. For the band gap of semiconductor 

materials to be sensitive to visible light, the value of the band gap must be less than 

3eV[58]. Semiconductor catalysts that are combined with carbon materials or precious 

metal particles have been found to produce a superior response to visible light[59]. In 

visible light photocatalytic water splitting, metal sulfides, metal nitrides, and metal-free 

catalysts are all viable options[60]. 

1.2.2.  Electrocatalytic Water Splitting 
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The hydrogen production takes place at the cathode of an electrochemical water split, 

whereas the production of oxygen takes place at the anode. The theoretical minimum 

voltage needed to split water is 1.23 V (G = 237.2 kJ mol-1), as per the equation[61], [62]. 

However, because of kinetics, additional voltage is required on both the cathode and the 

anode to initiate the reactions. A significant amount of work has been put into inventing 

outstanding catalysts to reduce the overpotential for complete water splitting. Even though 

the HER process works best in acidic solutions, full water splitting with non-noble metal 

catalysts can typically only be achieved in alkaline electrolytes[63] During the water 

splitting given below reaction occurs in acidic and basic electrolytic media[64]: 

In acidic solution 

Reaction at the cathode is: 

2𝐻+ + 2𝑒− → 𝐻2                                                                  (1) 

Reaction at the anode is: 

𝐻2𝑂 → 2𝐻++𝐻2 +
1

2
𝑂2 + 2𝑒

−                                            (2) 

In neutral solution 

Reaction at the cathode is: 

2𝐻2𝑂 + 2𝑒
− → 𝐻2 + 2𝑂𝐻

−                                                (3) 

Reaction at the anode is: 

𝐻2𝑂 → 2𝐻+ +
1

2
𝑂2 + 2𝑒

−                                                   (4) 

In alkaline solution 

Reaction at the cathode is: 

2𝐻2𝑂 + 2𝑒
− → 𝐻2 + 2𝑂𝐻

−                                                 (5) 
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Reaction at the anode is:  

+2𝑒−𝐻2 + 2𝑂𝐻
− → 𝐻2𝑂 +

1

2
𝑂2 + 2𝑒

−                              (6) 

Iridium and ruthenium-based materials for the OER and Pt composites for the HER are 

the most modern catalysts for splitting water in acidic media[65]. Because of the high 

price and restricted availability of the necessary materials, widespread application is 

impractical[29], [66]. These catalysts do not require the use of noble metals. There is 

reason to be optimistic about the catalytic performances of transition metal alloys, nitrides, 

sulfides, carbides, phosphides, and selenides in the HER [67]. To improve the catalytic 

activity of underlying catalysts in the process of water splitting, several different ways 

have been tried. These include manipulating the particle size, shape, dimensionality, 

composition, and the insertion of defects[68], as well as utilizing external excitation from 

light, magnetism, or electric field. Other methods include adjusting the structure of the 

interface between the two materials[69].  

1.3. Kinetics of Hydrogen Evolution Reaction and Oxygen Evolution 

Reaction 

Figure 2a illustrates the functional mechanism of the HER as a process that involves the 

transfer of two electrons[70]. The Volmer reaction, which includes the release of 

hydronium ions onto an electrode and ultimately results in the creation of hydrogen 

intermediates (H*), is what kicks off the HER in an acidic electrolyte. When it comes to 

alkaline electrolytes, the water molecule itself acts as the proton donor[71]. The 

production of molecular hydrogen then occurs via two distinct pathways, both of which 

are dependent on the quantity of H* surface coverage that is present. The rate-limiting step 

will be Tafel slope when there will be a large quantity of H* atoms will be present. This 

is because two neighboring H* can combine to generate H2 molecules. Due to the ability 

to attract proton and electron at the same time in acidic conditions and attracting ability of 

molecules of water and electrons in alkaline media by H* atoms, the Heyrovsky reaction 

will predominate if there will be low coverage of H*[72]. 

Theoretically, the process of splitting water can begin when the thermodynamic potential 

reaches 1.23 V. The applicability of the HER is severely limited due to its poor kinetics 
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and huge overpotential [73]. To enhance the functionality of HERs and raise their level of 

efficiency, new and superior catalysts need to be created. Electrocatalysts based on noble 

metals continue to be the most successful kind of HER catalysts, despite the extensive 

research that has been done into alternative methods. To be more explicit, the following 

are requirements that must be met by any electrocatalytic material before it can be utilized 

in the HER: There is a high level of activity, long-term stability, low level of overpotential, 

low cost, and scalability potential for mass production[74]. 

Platinum (Pt), a particularly uncommon noble metal, is normally the one that is utilized in 

the role of primary catalyst for HER[75]. The high cost of these metals have a negative 

impact on their commercial value[76]. One of the most important strategies that have been 

devised is to replace an expensive metal electrocatalyst with an electrocatalyst made of a 

less expensive material[77]. Nonprecious carbides, sulfides, selenides, nitrides, 

phosphides, and oxides based on transition metals (such as cobalt, iron, molybdenum, 

nickel, and tungsten) have garnered a lot of interest because of their promising 

electrocatalytic activity[78]–[83]. This is because these nonprecious materials can be used 

to produce electrocatalysts. Earth-abundant metal electrocatalysts for HER have received 

considerable attention as a possible solution to these problems since they promise to be 

highly efficient, affordable, abundant, and long-lasting[84]. 

Platinum-group metals (PGM) are widely acknowledged as a benchmark for cathode 

catalysts across a broad pH range. This is mostly because of the high activity that these 

metals exhibit toward the HER[85]. The activity pattern of (111), (100), and (001) on the 

low-index, single-crystal faces of Pt have a major influence on the HER activity of the 

metal (110)[86]. For this process to occur, it is necessary to have reactive Hopd, which is 

normally found near the surface. This would imply that the surface of the Pt atom is 

noticeably more active than those of the other two[87]. 
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Figure 2 a) Two different HER mechanisms of catalysts in acidic electrolytes[71] . 

Electrocatalysts were created by applying a 10 mA/cm2 of current density and the resulting 

electrocatalysts exhibited overpotentials for HER that were lower than those of any 

phosphide-based composites that had been reported before[88] 

 

1.6 Problem Statement 

There is a direct correlation between the expansion of the world's population and the 

accompanying rise in the need for energy. For a significant amount of time, the burning 

of fossil fuels like natural gas and oil was the only method that could fulfill this 

requirement. Hydrogen, on the other hand, offers an alternative that is free of pollutants 

and is environmentally friendly once these resources run out. The molecules of water can 

be broken apart to make hydrogen, or methane can be reformed into hydrogen by the 

catalytic action of water. These are only two of the many ways that hydrogen can be 

produced. Utilizing a catalyst during the process of water splitting produces hydrogen as 

a byproduct. In the past, noble metals like Pt were employed as catalysts for this purpose. 

However, because noble metals are becoming scarcer and more expensive, a synthetic 
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catalyst that can speed up the process at a lower cost is necessary. The development of a 

catalyst for the generation of hydrogen gas through the application of Cu-BTC/g-C3N4 

hybrids is the focus of this line of investigation. To conduct this experiment, electrolysis 

will be used, which is a process that separates hydrogen and oxygen from water. 

1.7 Research Objective 

The research objective is as follows: 

• Preparation and analysis of Cu-BTC/g-C3N4 hybrid catalysts with different weight 

ratios of  g-C3N4 material 

• Analysis of overpotentials of Cu-BTC/g-C3N4 hybrid materials 

• Analysis of applications of Cu-BTC/g-C3N4 hybrid catalysts for HER, and OER 

1.8 Scope of Study 

Pakistan is a growing country that doesn't have a lot of energy resources, so making 

hydrogen will make up for that. Hydrogen can be used as a fuel, to make energy, and in a 

lot of other ways. 

• Making hydrogen over and over again is one of the best things about this process. 

Since water is used, which is the most common thing in nature, there is no chance 

that water will run out. Also, using transition metals as catalysts will cut down on 

the use of valuable rare metals and keep them from running out.  

• By splitting water, hydrogen can be obtained, which can be used as a home fuel, 

in cars, and as a starting point for making many chemicals, like ammonia. 

 

1.9 Chapter Summary 

In total, there are five sections. The following chapters provide overviews of those parts. 

• Chapter 1 introduces the reader to the topic at hand, its historical background, and 

the problems that have surfaced as a direct result of this investigation. The topic, 

research objectives, and study parameters are all defined. 

• Chapter 2 will cover the literature review and previous efforts in the field of Cu-

BTC hybrid synthesis, traditional method technique, water splitting, and its 
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aspects. There's also a look at how Cu-BTC and other hybrid building blocks 

compare as electrocatalysts. 

• Chapter 3 will cover the methods for creating hybrids, as well as pure Cu-BTC 

and g-C3N4. 

• Chapter 4 goes into greater detail regarding the results and analyses. Crystal 

structure and morphology of synthesized catalysts were characterized by XRD and 

SEM. This chapter also provides in-depth discussions of the electrochemical 

studies of active catalysts and their stability. 

• Chapter 5 synthesizes the findings of the investigation and makes 

recommendations for future study.  
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Chapter 2 

Literature Review 

2.1 Literature Review 

Metal-organic frameworks, also known as MOFs, are porous crystalline solids with 

infinite lattices[89], [90]. These solids are known as metal-organic frameworks 

(MOFs)[91], [92]. In the 1990s, research groups led by Robson et al., Moore et al., Yaghi 

et al., Kitagawa et al., and Férey et al. laid the groundwork for MOF constructions and 

applications [93]. More than 20,000 different MOF structures have been identified, and 

because of BASF's efforts in mass production, many of these structures are now readily 

available for purchase via a variety of distributors, including These materials find use in a 

variety of industries, including oleo-chemicals, textiles, transportation, electric vehicle 

prototypes, food packaging, respiration systems, and chemical sensing[94]. 

The conductivity of metal-organic frameworks (MOFs) can be improved by combining 

them with other nanostructures like nanotubes and graphene. Graphene and nanotubes are 

examples of nanostructures that can be combined with MOFs to improve conductivity as 

can be seen in figure 3.  

 



12 

 

Figure 3 Classification of MOFs [93] 

. 

 

2.2 Cu-BTC and its synthesis Methods 

The methods of synthesis for MOFs are divided into two types which include the modern 

and the conventional method. Sol-gel, Electrochemical, and solvothermal also known as 

hydrothermal are known as the conventional methods. Although MOFs are synthesized 

by some modern techniques which include microwave, sonication, evaporation, and spray 

drying[95]. Then, the solvent is used for washing the crystals obtained from the reaction 

carried out in the autoclave reactor. Water and ethanol are most used for washing. In 

solvothermal technique, organic nature solvents are used i.e., N, N-Dimethyl 

formaldehyde, and methanol [96]. 

Problems associated with solvent processes are their hazardous nature and disposal 

methods. The temperature range of the solvothermal process is 340-473K for the heating 

of the autoclave reactor and 2-6 days are average processing time. By the Solvothermal 

method, well-defined crystal structure, crystal size, and pore size are obtained. High 

requirements of energy and pressure, and processing in an autoclave reactor are 

bottlenecks for the solvothermal process. Mechanical method is also being used for the 
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synthesis and obtaining particular configurations of the MOFs crystals [96]. In the 

mechanical method, the reagent is stirred for a specified time in the beaker. After stirring, 

a filtration process is used for obtaining MOFs from solvents and then the sample is dried 

in a vacuum oven. In the Mechanical process, the temperature and time required are 

comparably lower than in the solvothermal method.  

Sono-chemical employs sound frequencies for the synthesis of MOFs from their 

respective reagents [97]. In this method, the remaining suspensions are filtered out to 

obtain the fully developed MOFs crystals. The ultrasonication method is the most desired 

sono-chemical method as it increases the temperature at an exponential rate which is 

necessary for MOFs synthesis and the time required for the ultrasonication method is in 

the range of 1 hour [98]. The salient feature of this method is the high reaction rate and 

kinetics of the process [99]. These approaches are termed electrochemical methods for the 

synthesis of MOFs. Low pore volume and low surface area are major concerns for the 

Ultrasonication method.  

Spray drying is a method in which no external forces are employed to bring the desired 

product [100]. The long period to yield is the major downside of this method[101], [102]. 

The chemical flow method is the other method in which no external forces are used, and, 

in these techniques, reagents are left in a beaker to react completely. The time of synthesis 

depends upon the completion of the reaction time. The temperature range of the Spray 

drying process is 302K- 573K. Synthesis by microwave is another method in which 

reagent is placed in the microwave radiator where reagents react under the energy obtained 

from the radiations[103], [104]. 

Table 1. provides a comparative study of various approaches used for the production of 

MOFs, in which the solvothermal method comes out to be the most efficient method as it 

offers excellent morphology and high crystallinity. According to the literature, the 

Solvothermal method is the least energy-intensive method comparing electrochemical, 

microwave, and sonochemical synthesis methods of MOFs. The solvothermal method also 

provides high pore volume and surface area comparing other synthesis methods. The 

major drawback associated with the solvothermal method is its reaction time as it takes 2-

6 days to complete the synthesis process comparing other techniques. This compromises 
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the mass production of MOFs on an industrial scale [105].  Comparative Studies shows 

that the combination of solvothermal and microwave synthesis process offers high yield 

and low processing time. The major challenges involved in MOFs synthesis are: 1. high 

cost of synthesis. 2 low yields at industrial scale. 3. Highly energy intensive 

2.2.1 Applications of MOF catalysts for Water Splitting 

The ubiquitous application for MOFs in electrochemical water splitting can be attributed 

to their high surface areas, adaptable chemical components, configurable pore layouts, and 

diverse topologies[106], [107]. By coupling materials such as polyoxometalates (POMs), 

metallic compounds, CNTs, and other conductive substrates as guests @ MOFs or 

MOF/substrates, it is possible to adapt or modify the characteristics of MOFs[108]. By 

expanding the number of active sites and the conductivity of the material by a process 

called functionalization, one can achieve improved electrochemical performance in the 

procedure of water splitting[109]. 

The metal-organic framework can be utilized in its pure state[110]. When developing pure 

For HER, MOFs can focus their attention largely on the framework configuration as well 

as the catalytic activity. However it has only been utilized as an electrocatalyst for HER 

catalysis on a very infrequent basis. To solve the conductivity and instability issue, a great 

number of methods have been developed to improve the catalytic activity of untreated 

MOFs in the hydrogen evolution reaction[111]. 

A solvothermal approach was taken by Jayaram ulu et al. to produce nitrogen-doped 

graphene oxide and nickel sulfides (Ni7S6). After being chelated with oxygen and 

nitrogen, the Ni(II) metal centers of the NGO/Ni7S6 nano porous composite demonstrated 

improved for OER and HER. The huge number of pores, high surface area, and availability 

of nickel at the reaction interface contributed to an increase in the rate of gas release and 

mass transfer. During the process of optimizing the level of N-doping, the composite's 

stability was evaluated, and it was shown to be superior to that of the more prevalent RuO2 

and IrO2 in OER settings. In another study based on graphene composites, ultrathin layers 

of graphene were used to encase nickel nanoparticles in metal (created from Ni-based 

MOF using a thermal process in an inert atmosphere). Research has demonstrated that a 
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carbon composite with Co-N doping produced have good performance level and a long 

lifespan for HER[112]. 

During the most recent few years, a great number of materials based on Co-MOF have 

been developed and implemented on a large scale as electrocatalysts for HER. Liu and 

colleagues developed Co/NBC by carbonizing cobalt-based boron imidazolate 

frameworks (BIF-82-Co) at varying pyrolysis temperatures. The resultant Co/NBC-900s 

have Tafel slope of 146 mV dec-1 HER. However, the short stability of these catalysts (10 

h) is the primary reason for their restricted applicability[113]. 

The performance of MOF composites made by graphene oxide (GO) and carbon 

nanotubes (CNTs) has been the subject of much investigation, although the results have 

been inconsistent. The catalytic activity of MOF channels can be improved by placing 

nanoparticles of sulfides, phosphides, and nitrides in those channels. In this technique of 

production, MOFs play the role of a scaffold for the nanoparticles, which enables the final 

dimensions of the nanoparticles to be carefully regulated. The increased immobilization, 

protection, and selectivity provided by MOFs contribute to the increased stability of NPs. 

By increasing the conductivity of the MOF, these loaded nanoparticles make HER 

electrocatalysis more efficient. Pd nanoclusters were immobilized on MOF-67 by Zheng 

et al., which resulted in the production of a composite material (Pd@MOF-74) with 

increased electrocatalytic activity[114]. Tannic acid shells can be modified by adding 

metal cations such as nickel, cobalt, copper, manganese, iron, and/or tin. This would result 

in different chemical compositions. Thermolysis led to the creation of multi-component 

metal nanoparticles in the metallic fraction of tannic acid, and nanoparticles of platinum 

served as a seed for this formation. Thermolysis of the organic precursor components was 

required to create the nitrogen-doped porous carbon capsules with hollow interiors that 

were determined to constitute the support structure for the nanoparticles. The final catalyst 

exhibited significantly increased electrocatalytic activity concerning HER[115]. 

Additionally, MoSx was solvothermal grafted onto Zr-based MOFs ,which led to an 

improvement in the performance of the HER (125 mV onset potential at 10 mA cm-2 

cathode current and 59 mV dec-1 Tafel slope at 200 mV overpotential) [116]. This was 

discovered while the researchers were studying the performance of HER. 
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Table 1: MOF-based catalysts performance Summary 

Sr. 

No. 

Catalyst Hybrid Medium and 

Study Type 

Overpotential 

(10 mA cm-2 ) 

References 

1 Ni-Fe-Mn-MIL-53 KOH (1M)  

OER study 

236 [117] 

2 Fe-Ni-MOFs KOH (1M)  

OER study 

221 [118] 

3 Cu-MOF with 

Fe(OH)x 

KOH (1M) 

HER 

112 [119] 

4 MOF/Pt KOH (1M) 

HER 

28 [120] 

5 BDC/Co OER 241 [121] 

6 BDC-Ru-Ni HER 36 [122] 

7 MOF-74/Fe-Co OER 280 [123] 

8 Ni-MOF/Co OER 240 [124] 

9 Ni-MOF/Br OER 306 [125] 

 

2.3. Cu-Based Catalysts for Water Splitting 

In contrast to the OER, which makes use of Cu-OH and Cu-O, HER research is restricted 

because the copper surface has low ionic conductivity. Graphene and other conducting 

substrates, innovative methods of synthesis, and the incorporation of other transition metal 

oxides are some of the potential solutions that have been investigated to lower HER 

overpotentials and overcome this resistance in Cu-based oxides. When looking at the 

electrocatalytic activity of HER in alkaline environments, the following pattern was 

discovered: The following polymers are ranked from excellent to worst: P-Cu (metal) is 

superior to E-Cu (poly) and A-Cu (poly) (poly). In the XPS investigation, readings that 

were indicative of the Cu(I) oxidation state (917 eV for the Auger Cu LMM) and the Cu0 

oxidation state (919 eV) were discovered. Researchers were able to characterize the 

surface chemistry of these electrodes so that they could be used in HER research by 
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analyzing the relative intensities that were measured. At high concentrations, Cu(0) is 

more dominant than Cu(I), whilst Cu(I) is less dominant, in all three types of A-Cu (poly), 

E-Cu (poly), and P-Cu (poly) catalysts. Cu(I) is less dominant at lower concentrations. 

This suggests that the increased HER activity in P-Cu (poly) was ensured by the presence 

of excess Cu(I). The O1s XPS high-resolution spectra were used to study hydrophilic 

characteristics, and the results showed that the surface became more hydrophilic after 

polishing with P-Cu (poly), in comparison to the less active E-Cu (poly) (poly). This study 

adds to the expanding amount of data that rough Cu-based catalysts can increase HER's 

hydrophilic properties by pulling in additional electroactive molecules. The body of 

evidence is growing because of this discovery. 

 

Figure 4 Analysis of Cu-LMM [126] 

Copper oxides were coupled with reduced graphene oxide, a metal-organic framework 

(MOF) porous network, and three-dimensional copper foam by Ye et al. to boost the HER 

activities of the copper oxides. This work is quite intriguing[127].  After developing a 
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MOF network on top of the Cu foam, the next step was to add GO in between the two 

layers to complete the sandwich, which consisted of Cu, Cu, MOF, and GO. It was 

discovered that Cu/Cu2O-CuO/rGO, which was created after additional annealing, is an 

effective HER catalyst when subjected to basic conditions. In a similar vein, Figure 5b 

suggests that conducting supports such as rGO might improve the kinetics of HER. Further 

evidence of the superiority of the Cu/Cu2O-CuO/rGO catalyst in HER can be seen in the 

fact that it has the lowest Rct among all the catalysts that were tested (Fig. 5c). The 

catalyst's reliability was validated by a rock-solid consistency, which was observed during 

a chronoamperometry test that lasted for 14 hours (Fig. 5d). This was in part due to the 

3D rGO network's outstanding electrical conductivity, which ensured rapid charge transfer 

alongside robust activity and structural integrity. This was one of the reasons why this was 

the case. The findings of this study clear the path for the development of copper-based 

oxides on metal-organic frameworks (MOFs) and other conductive substrates. This will 

allow for increased HER activity and stability in basic conditions. 

 

Figure 5 Analysis of Cu-LSM for HER, OER, and Stability [127] 
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Nanocomposites have the potential to increase HER activity when applied to alkaline 

media. Tahira et al. [128] utilized the dip-coating process to synthesize Co3O4-CuO 

nanocomposites, which demonstrated promising activity in HER. Low HER activity was 

demonstrated by both Co3O4 and CuO; however, the Co3O4-CuO nanocomposites required 

only 288 mV to reach 10 mA cm-2 in current density (Fig. 6a). They concluded that the 

increased activity was brought on by the synergistic boost brought about by the 

combination of cobalt and copper. The Tafel slope measurements show that the charge 

transfer kinetics of Co3O4-CuO nanocomposites (65 mV dec-1) follow a pattern that is 

comparable to those of Co3O4-CuO and CuO (Fig. 6b). In addition, the composites showed 

enhanced stability throughout both the potentiodynamic and the galvanostatic trials. These 

copper oxides for HER research have shown promise for the creation of future catalysts 

by drawing attention to the necessity of certain modifications that would lead to a greatly 

higher level of HER activity. Incorporating conducting supports, embedding in three-

dimensional foam, utilizing nanocomposites, and other alternative approaches are all 

being studied as potential ways to improve the performance of Cu-based oxides in HER. 

 

Figure 6 (a) LSV and (b) Co3O4, CuO, and Co3O4–CuO nano-based composites taffel slops 

(reproduced with permission from Elsevier, copyright 2019) [128] 

2.3.1. Cu-Based layered double hydroxides for OER and HER 

The layered double hydroxide catalyst makes it possible for OER and HER to occur by 

providing a pathway and space for the electrolyte ions to come and intercalate. This is 
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made possible thanks to the fact that the layered double hydroxide catalyst The hydrophilic 

qualities can be amplified by including a higher proportion of water, and the interlayer 

distance can be modified by adjusting the proportions of cations to anions present in the 

compound. The production of Cu@CoFe LDH for TWS can be accomplished with little 

effort by employing either an electro reduction or an electrodeposition technique. 

Annealing the CuO@Cu foam that was produced after Cu(OH)2 was grown on Cu foam 

was necessary to bring forth the material's full potential. The addition of electro-reduction 

resulted in the creation of copper nanowires embedded in the copper foam. The previously 

described core-shell nano architectures were produced by the utilization of Co and Fe 

metal precursors during a subsequent cycle of electrodeposition. The effects of these 

catalysts on OER, HER, and TWS were investigated while they were in an aqueous 

solution containing 1 M KOH. OER polarization tests discovered that the activity of 

Cu@CoFe LDH was much higher when compared to that of Cu foam, Cu NWs at Cu 

foam, and CoFe LDH at Cu foam. This was the conclusion reached after comparing the 

three systems. The electrodeposited Cu@CoFe LDH samples that were put to the test 

showed that the 60-s sample had the maximum activity. The accuracy was verified by a 

chronopotentiometry study that lasted for 24 hours and found that there were no 

discernible changes in potential during the experiment. An investigation using 

chronoamperometry that lasted for 30 hours demonstrated the HER's. The HER's activity 

almost did not decrease at all throughout the experiment, which indicates that the activity 

was very stable. An electrolyzer that used a Cu@CoFe LDH-60 as both the anode and 

cathode needed only 1.681 V to function, which is 60 mV higher than an electrolyzer that 

used an IrO2 anode and a Pt cathode when the current density was 10 mA cm -2 (Fig. 7a). 

In this study, researcher perform a chronopotentiometry analysis on both systems at a 

current density of 10 mA cm -2 to investigate the stability requirements for Cu-based 

catalysts in a two-electrode set-up extreme. Stability was maintained with minimal 

degradation for up to 48 hours when Cu@CoFe LDH-60 was used as both the anode and 

cathode in the system; however, the overpotential in the IrO2/Pt system rapidly increased 

after 12 hours of operation. Cu-based LDHs certainly show promise given that their 

predicted faradaic efficiencies are so close to reaching 100%. In addition to having a larger 

Cdl and a lower Rct, it was found through a computation that the Cdl in EIS is more 
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promising for prospective future uses. This finding comes after the discovery that the Rct 

in EIS is lower (Fig. 7b–f). The significance of utilizing Cu-efficient TWS in an alkaline 

setting was demonstrated by this line of research, which validated its importance. Another 

observation made by the same group[129] concerned the use of Cu@NiFe LDH for TWS 

generation in 1 M KOH. In this illustration, the LDH structure was produced by depositing 

a highly active metal precursor, NiFe, on top of a Cu foam. The Cu foam served as the 

substrate for the LDH structure. To briefly recap, the Cu@NiFeLDH/Cu foam was 

manufactured using a process that included electro-reduction as well as electrodeposition. 

The required overpotential for OER was 199 mV when the current density was 10 mA cm 

-2, yet the Tafel slope value was only 27 mV dec-1, indicating that approximately four 

electrons were transported at this current density. The overpotential for HER was 

measured to be 116 mV when 10 mA cm -2 was applied, and the Tafel slope was 58.9 mV 

dec-1. Both OER and HER exhibited a high degree of consistency with one another. The 

findings of the TWS showed that the Cu@NiFe LDH system only required 1.54 V between 

the anode and the cathode to attain 10 mA cm -2current density, in contrast to the IrO2/Pt 

system, which required 1.63 V between the anode and the cathode. The dependability of 

the Cu@NiFe LDH electrodes has been established using post-structural testing such as 

mapping, HRTEM, and XPS (Fig. 7a–e). The mapping research unearthed every feature 

that had been predicted to be there. During the process of reevaluating the stability of the 

polarization curves, evidence of OER and HER activity was found. A comparison of the 

OER and HER LSV curves reveals that the shifts that were found to have occurred were 

not particularly large (Fig. 7f). The results of these experiments, which compare LDH 

structures based on copper to those based on other transition metals, are positive since 

they open the way for the potential straightforward commercialization of these structures 

in the not-too-distant future. 
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Figure 7 (LSV, efficiency, Resistance plot, GSTAT, and structure) [130] 
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Figure 8 (Analysis of the Cu-Co-Fd-DH) [129] 

Additionally, it was discovered that the OER activity of NiFe LDH that contained copper 

in the form of Cu(OH)2 was boosted when it was mixed with potassium hydroxide. 

Cu(OH)2@NiFe LDH was grown by Ma et al. [20] on carbon paper by employing a 

modification of the unipolar pulse electrodeposition (UPED) technique. Adjustments were 

made to both the power consumption during deposition and the Ni/Fe feeding ratio. The 

OER activities of Cu(OH)2 that had been deposited on NiFe LDH/CF were also 

investigated. Depositing Cu(OH)2@NiFe LDH over carbon paper was accomplished using 

several techniques, including atomic layer precipitation evaporation deposition (UPED), 

the potentiostatic method (PM), cyclic voltammetry (CV), and the pulse potentiostatic 

method (PPPM) (PPM). The OER activity of each of these catalysts, which were produced 

by varying the stoichiometry and the amount of energy applied, has been investigated. 

During the deposition process, the OER activity connected to the consumption of 2.5 oC 

of energy was found to be greater than that seen for any other amount of power that was 

used. In addition, when the CV technique, the PM method, and the PPM method were 
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compared to the UPED method, it was found that the UPED method was the most effective 

for depositing Cu(OH)2@NiFe LDH. This was determined while comparing the UPED 

method to the CV method, the PM method, and the PPM method. The UPED method of 

testing revealed that a ratio of 6:4 Ni/Fe is optimal, with an overpotential of approximately 

283 mV at a current density of 10 mA cm -2 and a Tafel slope value of 88 mV dec-1 that is 

lower than that of all other materials,  

except for Cu(OH)2 and NiFe LDH. These values were determined using a current density 

of 10 mA cm -2. The benefits of combining NiFe LDH and Cu(OH)2 were proved by the 

findings of a continuous electrolysis stability test that lasted for ten hours. After long-term, 

continuous electrolysis, only Cu(OH)2 was degraded in the Cu(OH)2@NiFe LDH reaction 

because NiFe LDH prevented Cu(OH)2 from leaching. The OER and HER activities can 

be improved by mixing superstructures based on Cu with those based on Ni, Fe, and Co, 

all of which are transition metal LDHs. Copper, when combined with highly active Ni to 

produce NiCu LDH, has been the subject of intense research for its potential applications 

in OER. Following the production of NiCu LDH, the brucite layer was cleaned of Cu(II) 

by employing a straightforward ion-reductive complexation extraction (IRCE) technique 

[131]. 

Ni-Cux LDH was developed as a solution to fill this void in the industry's requirements, 

and it catalyzed OER to produce exceptionally high levels of OER activity. NiCu LDH 

exhibits low levels of OER activity, just like Ni(OH)2 does. Although the exfoliation 

process reduces the mechanical stability of LDH structures and, as a result, their OER 

activity, it has the potential to increase the activity of less active LDHs, such as NiCu 

LDH, by introducing flaws into the material. In this instance, the complexation of an ionic 

extractant led to the formation of vacancies rather than a change in the structure itself. The 

disruption of the transition metal-based LDH structures is avoided because of this, which 

is a useful effect. An overpotential of approximately 343 mV is required to obtain 10 mA 

cm -2 for OER when using only NiCu LDH. The development of vacancies in SAV-Ni-

Cux LDH led to a reduction in the overpotential to 290 mV when the current density was 

10 mA cm -2. The Tafel slope for the NiCu LDH was 83 mV dec-1, while for the SAV-Ni-

Cux LDH, it was a much more manageable 45 mV dec1. Simply applying an overpotential 

of 355 mV was sufficient for the SAV-Ni-Cux LDH to achieve a current density of 100 
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mA cm2. Since we now know how to produce LDHs utilizing catalysts based on copper, 

we may employ vacancy engineering to significantly boost their activities for oxygen 

evolution reaction (OER) without changing the surface of the LDHs. In response to this 

challenge, researchers have developed unique techniques for creating highly active NiCu 

LDH nanostructures. One example of this is the modification of the synthesis technique. 

Zheng et al. [132] utilized a solvothermal growth method to successfully cultivate NiCu 

LDH directly on carbon fabric. A Tafel slope of 42.5 mA cm -2 was achieved by using an 

overpotential of only 290 mV when the current density was 10 mA cm -2. The results of 

the stability test offer further evidence that NiCu LDH for OER can be relied upon as a 

reliable reagent. According to the findings of the researchers, the OER activity of 

trimetallic LDH is significantly higher than that of bimetallic LDH.  

Hu et al. [133] developed procedure which is carried out on nickel foam. This study 

focuses on hybrid electrolysis ways to lessen the environmental impact of OER alone. 

Some examples of hybrid electrolysis approaches include ammonia electrolysis, urea 

electrolysis, and hydrazine electrolysis. Overpotentials of 460 mV were required for 100 

mA cm -2  in OER when utilizing N-NiZnCu LDH/rGO, but in HER, the same current 

density required overpotentials of 196 mV. Ni-Zn-Cu lyase/uridine 

dehydrogenase/glutamate (N-NiZnCu LDH/rGO) When we did a comparison using a 

configuration with two electrodes, we discovered that the voltage needed to reach 100 mA 

cm -2   was 1.974 V. These findings demonstrated that trimetallic LDH systems, which 

utilized copper (Cu) as the transition metal, were successful in enhancing both OER and 

HER. Additionally, it was discovered that cationic vacancies could be created on the 

surfaces of LDHs using different methods without disrupting the LDHs' surface by using 

different methods. In addition, the stability of copper-based LDHs was demonstrated to 

be more obvious than the stability of copper-based oxides and hydroxides. There is still 

the possibility of boosting LDH activity by modifying the copper-based surfaces of the 

organisms. 

2.3.2. Cu-Based phosphides for OER and HER 

Because of its high electrical conductivity and metalloid composition, the metalloid 

copper phosphide has been the focus of substantial research for electrocatalytic water 

splitting. A synergistic increase of the OER is observed while utilizing transition metal 
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catalysts based on phosphide compounds. In addition, the phosphide (P3) ions that makeup 

HER can swiftly and efficiently bind protons. Tian et al.[134] demonstrated that copper 

foam may be used well as an electrode for HER in acidic environments. These researchers 

demonstrated that it is possible to generate arrays of Cu3P nanowires directly on top of the 

foam. Since Cu and the pendant base P were so effective at catalyzing the reaction, it was 

determined that they are to blame for the increased HER activity. The benchmark for this 

experiment was microparticles composed of the substance Cu3P. Cu3P NA/CF had an 

attenuation threshold of 62 mV when subjected to a current density of 10 mA cm -2, 

whereas Cu3P MP/CF had a threshold of 190 mV. Cu3P NA/CF required just 67 mV dec-

1 to enhance electron transport, but Cu3P MP/CF required 96 mV dec-1 to accomplish the 

same goal. These findings demonstrate that HER nanostructures that include many active 

sites and can be accessed electrochemically are extremely useful. According to the 

findings of the rate stability investigation, the Cu3P-based catalysts were extremely stable, 

with the LSV curve indicating nearly little activity loss after multiple cycles. It is possible 

to boost the HER activity of these phosphides based on copper by adding in other 

phosphides based on transition metals. According to the results of an intriguing study 

conducted by Chu et al.[135], Ni2xCux-P nanosheets were utilized to increase HER activity 

in an alkaline medium. 

The development of NiCu LDH on top of Ni foam was part of the work that was done 

here, and the resulting Ni2xCux-P/NF was used in HER applications once it was 

phosphorated as shown in figure 15. The HER of the NiCu LDH has improved thanks to 

an overpotential that was 136 mV. Overpotentials of 103 mV were necessary for Ni2P, 

whereas 117 mV were necessary for Cu3P. Phosphorization, as was the case before, 

demonstrates an improvement in activity compared to NiCu LDH. To produce Ni2xCux-

P/NF, we altered the atomic ratio of Ni to Cu. Ni1.8Cu0.8P/NF had the highest level of 

activity among them, needing only 78 mV of overpotential to generate 10 mA cm-2 of 

current. In addition, in comparison to NiCu LDH and mono-metallic phosphides, the 

observed Tafel slope is a significant amount flatter at 70 mV dec-1. Despite being subjected 

to a cycle study, the bimetallic phosphides did not appear to have undergone any major 

changes. In this scenario, Cu modifies the Fermi level to facilitate H2 desorption.  
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Figure 9 Preparation of NiCu phosphide over NF for HER reaction (reproduced with permission 

from ACS publications, copyright 2017) [136] 

These findings imply that the activity of HER might be further improved by modifying 

the stoichiometry and that Ni2xCux-P/NF could benefit from the addition of a variety of 

transition metals as catalysts for HER. It will be interesting to see if the TWS can be 

applied to Cu-based phosphides has focused on other transition metal-based phosphides, 

such as Ni and Co, so it will be interesting to see if the TWS can be applied to Cu-based 

phosphides. Hydrothermal treatment, followed by high-temperature phosphorus 

conversion, was the method that Han et al.[136] used to synthesize Cu3P/NF. The slope of 

the Tafel chart was around 42 mV dec-1, and the required overpotential for HER was 105 

mV. Because of Cu3P/high NF's OER and HER activity, TWS has chosen to use it as both 

the anode and the cathode in their TWS reactor. It was possible to achieve a current density 

of 10 mA cm-2 at an overvoltage of 1.67 V, which is equivalent to an overpotential of only 

440 mV. In addition, the initial overpotential for TWS using Cu3P/NF electrodes was only 

270 mV, which is a relatively low value (Figure 16 a–d). After 10 hours of bulk 

electrolysis, Cu3P/reliability NFs in industrial water splitting were also validated. As a 

direct consequence of these findings, Cu3P has been investigated for its potential 

application as a stand-in for several transition metal-based catalysts, such as Ni and Co. 

When searching for precious metals to replace, copper phosphides provide the impression 

of being a promising alternative to other potential replacements. They are also resistant to 

breakdown in settings that are both acidic and alkaline, which adds to the possibility that 
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they could be used as alternatives. It's possible that in the future, TWS with copper-based 

catalysts will be the way to go for making the most of limited resources. These phosphides 

based on copper can be utilized either on their own or in conjunction with other catalysts 

based on transition metals. 

 

Figure 10 (a-d) LSV, Cu3P catalysts in KOH for two-electrodes, the scheme, and PSTAT 

analysis for 12 h (reproduced with permission) [136] 

Cu-based tellurides have not been investigated as thoroughly as sulfides and selenides. 

The formation of Cu2xTe catalysts for HER in acidic electrolytes has been emphasized by 

Kumaravel et al. [137]. Cu2xTe catalysts were produced using wet-chemical and 

hydrothermal methods, and their activities were compared. Hydrothermal production of 

Cu2xTe from Cu metal precursors in the presence of NaBH4 and Te salts was achieved for 

the first time at room temperature. The homogeneous distribution of Cu and Te is 

supported by the observed HAADF mapping model. However, oxide generation cannot 

be prevented, which may dampen the potential of HER study. The effectiveness and 

longevity of telluride-based Cu were then investigated by HER. Compared to Cu2xTe/WC, 

which required 432 mV to get the same current density, the generated Cu2xTe/hybrid 

demonstrated significant activity by achieving an overpotential of 347 mV. (HER 

performance is amazing). The larger prevalence of the facile charge transfer phenomenon 

in Cu2xTe/hybrid is also indicated by the larger value of the Tafel slope, which is 188 mV 
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dec-1. Computational studies of electron impact spectroscopy (EIS) and electron 

correlation spectroscopy (ECS) revealed that the larger exposed active surface area of 

Cu2xTe/substantially hybrid promoted faster electron transfer kinetics. In addition, 

potentiostatic analysis was utilized to measure the stability, and it was determined to be 

rather high for 12 hours with no variation in activity. This study employed a variety of 

synthetic methods to show that tellurides based on copper are necessary for evaporation 

control. As we have shown in our studies of Cu-based selenides, the activities of these Cu-

based tellurides can be further enhanced by increasing the metallic sites, expanding over 

3D structures, using conducting supports, and extending with other transition metal-based 

tellurides. For both OER and HER, it is highly desirable to develop Cu -based tellurides 

as a means of lowering energy inputs. Majhi et al.[138] investigated the HER of 

hydrothermally produced CoTe2@CuTe and FeTe2@CuTe nanocomposites in acidic, 

alkaline, and neutral electrolytes. The CoTe2@CuTe catalyst required only 58.1 mV of 

overpotential for the HER studies conducted under acidic conditions, while the 

FeTe2@CuTe catalyst required 86 mV. When compared to selenides (CoSe2@ CuSe2 and 

FeSe2@ CuSe2), the overpotential was still quite high at 117 and 127.7 mV. As a result, 

tellurides based on copper and other transition metals had a more significant effect on 

HER than their selenide counterparts. In a similar vein, the overpotential required by 

CoTe2@CuTe was 125 mV, whereas it was 203 mV for FeTe2@CuTe at the same current 

density in neutral circumstances. Again, selenide analogs required far greater 

overpotentials compared to their telluride counterparts (225 and 252 mV, respectively). 

CoTe2@CuTe and FeTe2@CuTe required overpotentials of 106 mV and 122 mV at 10 

mA cm -2, respectively, in alkaline conditions; equivalent selenides required overpotentials 

of 129 mV and 180 mV, respectively. 

2.3.3 Ru-modified Cu-BTC  

A carbon skeleton was created by pyrolyzing a Ru-modified Cu-BTC precursor in N2. 

This carbon skeleton enclosed bigger Cu nanoparticles as well as ultrasmall Ru 

nanoparticles (henceforth termed S-0). Some of the Ru nanoparticles were converted into 

RuO2 through a process called annealing, which was carried out in the air. It was 

confirmed that the CuO nanoparticles lacked catalytic activity for HER and OER by 

etching them with three times the concentration of hydrochloric acid. In the end, the 
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researcher was able to procure the Ru/Cu-doped RuO2 catalyst that was needed to perform 

the water-splitting reaction. The overall performance of the water-splitting electrocatalyst 

is superior to that of state-of-the-art electrocatalysts. To attain current densities of 10 and 

100 mA cm-2, respectively, only 1.47 and 1.67 V are required. According to the findings 

of the DFT study, doping RuO2 with Cu has the potential to increase its OER performance. 

This is because it enables fine-tuning of the d-band center, which, in turn, modifies the 

electronic structure of the Ru activity sites on the RuO2 (110) plane[139]. 

2.3.4. Channel-rich RuCu nanosheets 

Researchers were able to construct channel-rich RuCu nanosheets by using a wet chemical 

approach. These nanosheets are formed of crystalline Ru and amorphous Cu, and they 

feature many channels that may be accessed (denoted as RuCu NSs). The electrochemical 

performance of the optimized RuCu NSs is significantly higher when contrasted with that 

of their OER and HER counterparts. The RuCu NSs/C that were optimized at 350 °C 

showed activity that is desired for OER, while the RuCu NSs/C that were optimized at 

250 °C showed activity that is desirable for HER. In water splitting applications utilizing 

the enhanced RuCu NSs/C, 10 mA cm2 is reached at 1.48 V, 1.55 V, 1.49 V, and 1.50 V, 

respectively, in 1 M, 0.1 M KOH, 0.5 M, and 0.05 M H2SO4, when compared to those 

applications utilizing the RuCu NPs/C and commercial Ir/C||Pt/C. These voltages are 

attained in 1 M, 0.1 M, and 0.05 M KOH, and after being subjected to long-term 

dependability tests, the optimized electrolyzer has been shown to maintain a steady 

overpotential with very little variation because of the tests' findings[140]. 

2.3.5 Ru-doped Cu electrocatalysts 

To make a Ru-Cu@C-1 sample, a RuCu-BTC-1 precursor was annealed at 500 oC for 

three hours in nitrogen at a heating rate of two degrees per minute. RuCu-BTC-2 and 

RuCu-BTC-3 precursors, which are very similar to Ru-Cu@C-1 precursors, were utilized 

in the production of RuCu-BTC-2 and RuCu-BTC-3 samples, respectively. The optimized 

Ru-Cu@C-2 catalyst has been proved to be an excellent HER catalyst because of its 

ultralow overpotential (20 mV at 10 mA cm-2), ultralow Tafel slope (37 mV dec-1), minor 

charge-transfer resistance (16.8), broad electrochemical active surface area, and superb 

stability. All these characteristics contribute to the catalyst's exceptional 

performance[141].   
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2.3.6 AB & Cu-MOF composite 

In a solution that included 2.5 mL of dimethylformamide, 2.5 mL of water, and 2.5 mL of 

ethanol, 20 mg of Cu(OAc)2 and 21 mg of 1,3,5-benzene tricarboxylic acid were 

dissolved. Different results were obtained by altering the proportion of AB that was added 

to the mixtures (0.4, 0.7, and 1.7 wt.%, respectively, based on Cu-BTC). After being 

sonicated, the substance was put into an autoclave made of stainless steel and lined with 

Teflon. It was then heated to 100 oC for twenty-four hours. The bluish-gray crystals that 

were collected were filtered, cleaned, dried, and weighed after being processed in a 

vacuum oven. The overpotential of the 1.7% AB/Cu-BTC composite is 208 mV when 

measured at a current density of 10 mA cm-2, and the Tafel slope is 80 mVdec-1[142]. 
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Chapter 3 

Materials and Methods 

3.1 Chemicals and reagents 

All the chemicals used to synthesis MoP hybrids with RGO were analytical grades. These 

involved Sodium Molybdate Dihydrate (Na2MoO4·2H2O), Sodium Hypophosphite 

Monohydrate (NaH2PO2·H2O), Sulfuric Acid (H2SO4), Potassium Permanganate 

(KMnO4), Graphite powder, Sodium Nitrate (NaNO3), Hydrogen Peroxide (H2O2), and 

Deionized water.  

3.2 Preparation of Pure Cu-BTC 

Cu-BTC was synthesized using solvothermal conditions with some modifications in the 

method used in the literature. For the synthesis of Cu-BTC,  5.2 g of Copper (II) nitrate 

hemi (III) hydrate and 2.52 g of benzene 1,3,5 tricarboxylic acid was used. These 

compounds were dissolved in a 125 ml (41.7 mmol of each) solvent mixture of N, N DMF, 

deionized water, and ethanol. These reactants were agitated at room temperature for 10 

minutes and then were sonicated in a sonication bath for 30 minutes. Reactants were then 

placed in an oven at 60 oC for 24 hours. Later, samples were washed through DMF solvent 

through a centrifuge for 1 hour and the sample was then dried at 60 oC for 12 hours in the 

oven. Given below figure 1 provides a schematic of the synthesis of Cu-BTC. 

3.3 Preparation of Pure g-C3N4 

At a pace of 0.5 degrees Celsius per minute, a muffle furnace was utilized to raise the 

temperature of 10 grams of urea powder to 550 degrees Celsius. Over three hours, the 

temperature was kept at 550 degrees Celsius throughout. The g-C3N4 nanosheets that were 

obtained were then crushed into a powder once they had been allowed to recover to the 

temperature of the surrounding environment. 

3.4 Preparation of Hybrids Cu-BTC/ g-C3N4 

For the synthesis of hybrids, 5 mg, 10 mg, and 15 mg of g-C3N4 samples were prepared. 

In the preparation of Cu-BTC/g-C3N4, reactants of Cu-BTC were taken as the same as 

mentioned in the Cu-BTC synthesis, and while agitation, 5 mg, 10 mg, and 15 mg of g-
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C3N4 were added respectively. After agitation, the sonification time was increased to 1 

hour and the rest of the procedure was the same as for Cu-BTC synthesis. 

3.5 Characterization and Electrochemical Study 

X-ray Diffraction (XRD) (STOE-SEIFERTX'PER PRO) was used to investigate the 

crystallinity of the synthesized materials and conduct a compositional analysis. Cu-K 

radiation was used for compositional analysis, and the angle 2θ values ranged from 5° to 

85°. The surface morphology and structure of the catalysts were observed using Scanning 

Electron Microscopy (SEM) (JEOL-JSM-6490A) connected with Energy Dispersive X-

ray (EDX) analysis. The ink was made to conduct the electrochemical study on the 

prepared samples. Polyvinylidene fluoride (PVDF) (2.5 mg) and N-methyl-2-pyrrolidone 

(NMP) (3 mL) were mixed. The mixture was stirred for 1 h after adding an active catalyst 

(42 mg) and carbon black (5 mg). After 4 h of sonication, the solution was deposited on 

both sides of the nickel foam and dried overnight at 70oC. An electrochemical study was 

carried out on a 3-electrode OrigaMaster potentiostat. Pt and Ag/AgCl wire were 

employed as counter and reference electrodes, respectively, including active catalyst as 

the working electrode. The catalytic activity of three electrodes in an alkaline solution 

containing 1 M KOH was examined at various scan rates. The conventional Reversible 

Hydrogen Electrode (RHE) potential was determined to simplify the calculation using 

Eqn. (7). 

ERHE = EAg/AgCl + 0.059 pH + 0.1976                              (7) 

The stability of the catalyst was determined using chronopotentiometry studies. EIS was 

performed using an alternating current (AC) and a Voltage of 10 mV over a frequency 

range of 200 kHz to 100 MHz. Equation (8) was used to calculate electrochemical surface 

area (ECSA). 

ECSA = Cờ /Cs                                                             (8) 

Cờ and Cs show the capacitance of the double layer and per unit area capacitance of a 

specific flat surface in the range of 0.040 mF/cm2.  
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Chapter 4 

Result and Discussion 

 

4.1 X-ray diffraction (XRD) 

Fig. 11 depicts the octahedral crystal structure of Meso-Cu-BTC, which was further 

validated by X-ray diffraction (XRD) experiments. The results showed that the reported 

XRD patterns in the literature were consistent with the experimental ones, proving that the 

highly crystalline phase was the product of the solvothermal circumstances[42]. X-ray 

diffraction research revealed that pure Cu-BTC had diffraction peaks at 6.57°, 9.57°, 

11.69°, 13.4°, 14.67°, 17.46°, and 18.96° on the corresponding 200, 220, 311, 331, 400, 

and 440 reference planes.  X-ray diffraction analysis of a 15 mg sample of the g-C3N4 in 

Cu-BTC hybrid revealed crystalline planes at (200), (220), (311), (400), (331), and (440), 

with corresponding angles of 6.53°, 9.53°, 11.68°, 13.4°, 14.60°, 17.30°, 19.05°, 29.05°. 

X-ray diffraction analysis on a 10 mg sample of a g-C3N4 in Cu-BTC hybrid revealed 

diffraction peaks at 6.62°, 9.42°, 11.50°, 13.19°, 14.50°, 17.29°, 19.05°, and 29.05°. At 

11.68°, the crystallinity peak was found, suggesting a very high purity. There may be a 

trace amount of Cu2O phase present, as shown by some faint peaks between 35.4° and 

43°, as shown in the inset of Figure 11. Meso-Cu-BTC metal-organic frameworks (MOFs) 

have been proposed to be produced at elevated temperatures[143], [144]. The crystal size, 

an important factor in the catalyst's performance, can be calculated from the XRD data. 

Using Scherrer's equation, the ultimate crystal sizes of the catalyst are determined. The 

XRD pattern is interpreted with the help of the X-part high score program. Table 2 

summarizes the typical sizes of crystals. Since its average crystal size is the smallest of 

any known catalyst, the catalyst containing 15 mg of Cu-BTC has the highest activity and 

the largest surface area.  
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Figure 11 XRD of the prepared samples. 

Table 2: Average crystal sizes of the prepared samples. 

Electrocatalyst  Peak Position FWHM Crystal Size Average 

Crystal Size  

Pure Cu-BTC 5.845, 6.710, 

9.498, 11.645, 

19.067 

o.146, 0.218, 

0.218, 0.146, 

0.291.  

576, 379, 380, 

579, 285. 

439.8 

Pure g-C3N4 24, 43.6 0.14, 0.189 574, 430 502 

5 mg Cu-BTC 6.728, 11.260, 

18.308, 

23.848 

0.182, 0.146, 

0.109, 0.291 

457, 578, 797, 

287 

529.75 

10 mg Cu-

BTC 

6.728, 11.260, 

18.308, 

23.848 

0.146, 0.218, 

0.109, 0.874 

577, 380, 

797,94 

487 
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15 mg Cu-

BTC 

9.137, 11.260, 

18.308, 

23.848 

0.109, 0.731, 

0.146, 0.218 

789,110, 583, 

387 

467 

 

4.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-

Ray (EDX) 

To further study the morphology of our prepared catalysts scanning electron microscopy 

of the prepared catalysts has been performed. Figure 12 a is the SEM image of pure Cu-

BTC and it clearly shows the synthesis of the octahedral shape crystal of the catalyst. This 

octahedral nature of the catalyst enables a larger surface area of the catalyst and because 

of that more active site will be available for the hydrogen absorption. Figure 12 (b, c, d) 

are the SEM images of the prepared hybrids of Cu-BTC with g-C3N4 with various weight 

percentages. 12 b is the hybrid having 5 mg of g-C3N4 in Cu-BTC while 12 c and 12d are 

the SEM images of hybrids having 10 mg and 15 mg of g-C3N4 in Cu-BTC respectively. 

In all the hybrids we can see the perfectly formed octahedral crystal of Cu-BTC along with 

sheets of g-C3N4. To confirm the presence of g-C3N4 particles and Cu-BTC both in the 

hybrids EDX of the hybrid has been performed. Figure 13 a is the EDX of pure Cu-BTC 

which shows the presence of Cu, C, and O atoms in a weight percentage of 35.8, 38.9, and 

25.3 respectively. The atomic percentage of these elements are 10, 60, and 29 % 

respectively. Figure 3 b is the EDX of a hybrid having 15 mg of Cu-BTC. From this EDX 

it is confirmed that along with Cu, C, and O an extra element is added, that is N which 

confirms the synthesis of our hybrid. The weight percentages of all these elements are 

34.3, 36.8, 21.3, and 7.6 respectively.   
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Figure 12: SEM images of Pure Cu-BTC, and hybrid samples 

 

Figure 13: (a) EDS of pure Cu-BTC, (b) EDS of the hybrid having 15 mg of Cu-BTC/g-C3N4 

a 

b 
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4.4 Electrochemical study 

4.4.1 Hydrogen Evolution Reaction (HER) and Oxygen Evolution Reaction (OER) 

The electrocatalytic activity of the prepared catalysts is found through different parameters 

in using a 1 molar KOH electrolyte solution. Linear sweep voltammetry (LSV) was 

performed for both the hydrogen evolution reaction and oxygen evolution reaction for the 

determination of the overpotential. Over potential is one of the important parameters in 

the activity of a catalyst. In general, the lower the overpotential of the catalyst the better 

the activity of that catalyst will be. Figure 14 shows the LSV curve for HER and OER. 

From Figure 14 (a)  it can be seen that the hybrids show better activity as compared to that 

of the pure Cu-BTC and pure g-C3N4 by giving low overpotential at the same current 

density. The overpotential of pure Cu-BTC and pure g-C3N4 are 240 mV and 181 mV at 

a current density of 10 mA/cm2 respectively. At the same current density, the hybrids give 

overpotentials of 202 mV, 167 mV, and 131 mV for 5 mg, 10 mg, and 15 mg respectively. 

Among all the catalysts the one containing 15 mg of Cu-BTC shows the least over 

potential of 131 mV. This increase in the activity of the catalyst is because of the 

synergistic behavior of the hybrid material in which the properties of both the material 

combine and result in enhanced activity. In Cu-BTC, Cu metal corners are present which 

are attached to 4 oxygen atoms and form BTC linkers along with square planar vertexes 

and open metal sites. Because of these metal sites, this material shows high conductivity 

and results in high adsorption of hydrogen molecules. Although g-C3N4 has low active 

sites yet they exhibit excellent activity by making its hybrids with other catalyst have 

larger surface area like MOFs. This can be seen from the HER results of the hybrids. The 

fact that hybrids have better activity can be confirmed by the values of the Tafel slopes of 

all the fabricated catalysts. From the literature, the catalyst having a low Tafel slope will 

possess good stability that the one having a high Tafel slope. The Tafel slope of the 

prepared samples has been determined using the following equation.  

  ἠ= c log j+α                                                       (9)                                                      

Here, ἠ= is overpotential, 

 c= is Tafel slope,  
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α= Tafel constant,  

 j=current density. 

The Tafel slope of pure Cu-BTC and pure g-C3N4 is found using the above equation (132 

mV/dec), and (153 mV/dec). Similarly, the Tafel slope of the hybrids 5 mg, 10 mg, and 

15 mg of Cu-BTC are (86 mV/dec), (98 mV/dec), (59 mV/dec). The Tafel slope for HER 

can be seen in Figure 14(c). As catalysts having 15 mg of Cu-BTC have low Tafel slope 

as compared to all other catalysts which confirmed that this hybrid has better activity. 

From the Tafel slope, no value is less than 39 mV/dec so Volmer and Heyrovsky reaction 

mechanism is followed for the hydrogen evolution reaction. The mechanism is as follows.  

Volmer step:     

H2O +M + e-                                 M – H ads + OH-1   (10) 

 

Heyrovsky step:    

H2O +M +   – Hads + e-                                     H2 + OH-1      (11) 

The sign 'M' represents the adsorption sites. The discharge of H2O molecules on the 

surface of the catalyst in the alkaline medium leads to the formation of a precursor of 

adsorbed hydrogen.  

Figure 14 (b) is the linear sweep voltammetry curves of the prepared catalysts for the 

oxygen evolution reaction. The figure for OER Cu-BTC and pure g-C3N4 gives an 

overpotential of 330 mV and 324 mV at 10 mA/cm2 current density in the alkaline 

electrolyte solution. At the same current density in the same electrolyte solution, the 

hybrid of these catalysts shows an overpotential of 247 mV, 238 mV, and 185 mV for 5 

mg, 10 mg, and 15 mg g-C3N4 in Cu-BTC respectively. for OER again we can see that by 

increasing the amount of Cu-BTC MOF in graphitic carbon nitride the activity of the 

hybrids increases gradually. The highest activity can be seen for hybrid having 15 mg of 

g-C3N4 in Cu-BTC, so it follows the same trend as that of HER. The enhancement in 

catalytic activity in the hybrids is again because of the synergistic effects of both materials 

present in the hybrid.  
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The Tafel slope of pure Cu-BTC and pure g-C3N4 for OER are (146 mV/dec), and (122 

mV/dec) respectively. The Tafel slope of the hybrids containing 5 mg, 10 mg, and 15 mg 

of g-C3N4 in Cu-BTC are (72 mV/dec), (89 mV/dec), and (53 mV/dec) respectively. As 

the Tafel slope of the hybrid containing 15 mg of Cu-BTC is low as compared to the other 

hybrids so it confirmed that this hybrid has greater activity among all the prepared 

samples. For Oxygen evolution reaction irrespective of the values of Tafel slope a 4-

electron mechanism is used and completed in 4 steps.  

 

Figure 14: (a, b) HER and OER of the prepared samples, (c,d) Tafel slopes of HER and OER of 

the prepared samples respectively. 

4.4.2 Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) 

One of the important parameters in determining the activity of a catalyst is the cyclic 

voltammetry (CV). From the curve of a CV, one can find out the redox reaction and 

electrochemically active surface area of a catalyst. Figure 15 (a) shows the cyclic 

voltammetry curve of the prepared catalyst. From the figure, redox reactions are taking 
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place in all the curves. The upper peak is the peak of oxidation where oxidation takes place 

and oxygen is produced while the lower peak is the peak of reduction and where hydrogen 

production takes place. From this CV curve, electrochemical active surface area (ECSA) 

is determined using origin software. From the graph, it can be seen visually that hybrid 

has 15 mg of g-C3N4 in Cu-BTC which confirms that the activity of this hybrid is high as 

compared to all other prepared hybrids. The electrochemical active surface area of all the 

prepared catalysts is given in the table below as can be seen that the catalyst having 15 mg 

of g-C3N4 in Cu-BTC possesses the highest area of 3187 cm2. Due to this high area, the 

active sites available for hydrogen deposition are more and as a result, hydrogen is 

produced as compared to all other fabricated catalysts hence this is our best catalyst in 

terms of activity. To further find out the resistances that can slow down the process of 

hydrogen production electrochemical impedance spectroscopy has been performed. The 

test is performed in a frequency range of 0.001 KHz to 200 KHZ in a 1 molar KOH 

electrolyte solution.  The catalyst which offers the least resistance will have a high yield 

of hydrogen production so as the activity. Figure 15 (b) shows the EIS of the catalyst 

synthesized along the analogs circuit. The real resistance is given on the X-axis and the 

imaginary resistance is given on the Y-axis. From the figure, the catalyst having 15 mg 

Cu-BTC shows the minimum charge transfer resistance and can be confirmed in Table 3 

also. Rp is the polarization resistance it is the resistance offered by the electrolyte solution 

while Rct is the charge transfer resistance which is the resistance within the catalyst.  

 

Figure 15: (a) CV curves of all the catalysts, (b) EIS of the prepared Catalysts. 
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Table 3: EIS summary of Prepared Catalysts 

Catalyst Rp Rct ECSA 

Pure Cu-BTC 5.98 0.589 2569.43 

Pure g-C3N4 2.78 6.44 1976.846 

5 mg Cu-

BTC/ g-C3N4 

5.03 0.745 2938.69 

10 mg Cu-

BTC/ g-C3N4 

4.42 0.966 2892.714 

15 mg Cu-

BTC/ g-C3N4 

4.43 0.240 3187.239 

 

4.4.3 Chronopotentiometry  

One of the important parameters to study the activity of a catalyst is to find out its stability 

using chrono potentiometry or through CV cycles. A Chrono potentiometry test is 

performed to find out the stability of our best catalyst with exceptional HER and OER 

activity for 18 h. From the figure, we can see that the stability of the catalyst remains 

constant and did not drop from the starting value which confirms that the catalyst having 

15 mg of Cu-BTC have outstanding stability. This stability is due to the structural 

properties of the catalyst.  
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Figure 16: Chrono of the catalyst for 18 h 
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Conclusions 

This research details Cu-BTC electrocatalyst with g-C3N4 substrates for the HER in an 

alkaline medium. We are especially interested in improving electrochemical performance 

and methods for increasing HER activity. The improved Cu-BTC/ g-C3N4 electrocatalyst 

exhibits excellent performance for HER in an alkaline solution, with an overpotential of 

131 mV and a Tafel slope of 59 mV/dec at j=10 mA/cm2. By using rational g-C3N4 as 

support for Cu-BTC electrocatalysts, it is possible to modify the properties of Cu-BTC -

based HER catalysts. Furthermore, this method applies to most known Cu-BTC -based 

electrocatalysts, including Slinides, carbides, graphic oxides, double-layer hydroxides, 

etc. The exceptional performance is attributed to the addition of g-C3N4 in Cu-BTC 

hybrids resulting in (1) clumping prevention of pure Cu-BTC electrocatalyst; (2) 

increasing electronic conductivity; (3) easing the diffusion of the electrolyte and the gas 

produced; and (4) improving the catalysts' long-term durability. Such findings offer a new 

avenue for the rational design of Cu-BTC substrate hybrid catalysts for improved water-

splitting applications. Cu-BTC-based materials are the most potentially suitable for 

replacing the expensive but prevalent Pt-based catalysts. This is due to the fact that Cu-

BTC-based materials possess a higher HER catalytic activity and are stable throughout a 

wide pH range. Cu-BTC is an excellent material for use in electrocatalytic applications 

and processes due to its low overpotential, porosity, stability, affordability, abundance, 

compatibility, and permeability. The relationship between composition/structure and 

electrocatalytic performance is the primary emphasis of this article. In addition to covering 

preparation methods and strategies for improving catalytic activity, the study zeroes in on 

this relationship. Following significant study and development, all Cu-BTC-based 

electrocatalysts now available exhibit good behavior when exposed to acidic electrolytes. 

The perfect catalyst would have a high hydrogen adsorption energy together with a large 

number of active sites and excellent electrical conductivity.  
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Recommendation 

The electrochemical water-splitting potential of hybrid Cu/BTC catalysts is quite 

promising. There are still major obstacles to overcome before this technology can be 

considered practical and cost-effective. Some of these challenges include the research and 

development of catalysts that are more effective and durable, less expensive to produce, 

more scalable, able to function in a wider variety of situations, and compatible with 

renewable energy sources. 

More research and development are necessary, but hybrids based on the Cu-BTC catalyst 

show promise for the future of renewable energy. Research that could be done to improve 

Cu-BTC catalyst-based hybrids for electrochemical water splitting includes studying the 

effect of different metal ions on the catalytic activity of Cu-BTC, developing new methods 

for synthesizing Cu-BTC with improved properties, designing new hybrid materials that 

combine the advantages of Cu-BTC with other materials, such as metal nanoparticles or 

carbon nanotubes, and testing Cu-BTC catalysts in different water conditions. 

If these issues could be resolved, Cu-BTC catalyst hybrids would become a more 

appealing option for creating clean energy. 
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