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Introduction: 

               Energy and environment are two key issues in modern society, which are 

necessities for the economic and social sustainable development of the world.  Where the 

energy economy relies heavily on conventional energy sources such as coal, petroleum 

oil, and natural gas, which are not renewable and environmentally benign to deal with 

this problem, there has been a global drive seeking renewable and clean alternatives to 

fossil fuels [1]. 

                The optimal approach for hydrogen generation involves utilizing alternative 

energy sources such as hydroelectric power, wind power, low-energy nuclear reactions, 

and solar-driven water-splitting methods. Among these alternatives, solar-driven 

technology appears to be the most promising because it imposes fewer constraints 

compared to wind and hydroelectric power [1]. 

                  Indeed, systems such as hydrogen production from water splitting by 

electrolysis,   have drawn a great deal of attention in recent decades as a promising 

substitute for fossil fuels, hydrogen has emerged as a clean and renewable energy. A key 

challenge is the efficient production of hydrogen to meet the commercial-scale demand 

for hydrogen. Solar-driven hydrogen production encompasses three main methods:  

thermochemical water splitting, photobiological water splitting, and photocatalytic or 

photoelectrochemical water splitting. One promising method to enhance this process to 

achieve efficient hydrogen production in terms of energy conversion and storage is 

photocatalysis. This technique uses light-absorbing materials to drive chemical reactions. 

In the context of green hydrogen production, photocatalysts can efficiently split water 

molecules into hydrogen and oxygen when exposed to sunlight or artificial light sources. 

This approach offers several advantages, including higher efficiency, lower cost, and 

reduced environmental impact compared to traditional electrolysis methods. However, 

challenges such as catalyst stability, efficiency under different light conditions, and 

scalability need to be addressed for widespread adoption. Despite these challenges, the 

development of photocatalytic systems for green hydrogen production holds promise for 

a more sustainable energy future [2]. 
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            The photocatalysis of zinc oxide (ZnO) supported by activated carbon for 

hydrogen production through water electrolysis involves a process where ZnO acts as a 

photocatalyst to facilitate hydrogen generation from water under light irradiation.  ZnO is 

an inexpensive, abundant, and stable semiconductor that can efficiently absorb UV light 

to generate electron-hole pairs for redox reactions. However, ZnO suffers from high 

electron-hole recombination rates and poor adsorption capacity, limiting its 

photocatalytic performance [3]. So, this method aims to harness the abundant, 

inexpensive, and stable properties of ZnO while addressing its limitations such as low 

photon-to-electron conversion efficiency and high electron-hole recombination rate.  

             This study aims to synthesize a photocatalyst based on zinc oxide (ZnO) doped 

with activated carbon (AC), which is made from date seed waste. 

Three different weight ratios of ZnO/AC were used for this doping their performances 

were evaluated in the water-splitting process into hydrogen and oxygen to answer these 

questions: 

 Would the activated carbon enhance the performance of the photocatalyst? 

 Would the weight ratio affect the efficiency of the water-splitting process? 

 Could it be a good candidate for the water-splitting process?                                  

This work was divided into three chapters:  

Chapter I presents generalities and definitions related to the water-splitting process over 

photocatalysts based on ZnO -AC.                                

Chapter II presents a description of the steps involved in the synthesis of ZnO-AC 

photocatlyst, and the experimental protocols used to test its efficiency in the water-

splitting process into hydrogen and oxygen. 

Chapter III presents the main obtained results from the experimental water splitting over 

the synthesized photocatalyst ZnO-AC under different experimental conditions. 

 

 



 

 
  

 

 

Chapter I:  

Generalities  

And                

Definitions 
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I.1.Hydrogene as future fuel: 

             Various alternative fuels are competing to be tomorrow's vehicle fuel. By 

definition, alternative fuels are non-hydrocarbon-based fuels. They rely on the production 

of different feedstocks and different energy sources [4]. Among these alternative fuels, 

there are hydrogen, natural gas, methanol, ethanol, LGP, biodiesel, and electricity both 

plug-in and fuel cell [5]. The hydrogen give the highest lower heating value as 

represented in Table I.1  

               Though a common element in the universe, hydrogen can be found on earth 

only mainly in combination with other elements such as oxygen in water and carbon in 

hydrocarbons. Then, hydrogen must be produced. The production methods rely on the 

nature of the feedstock, the process involved and the energy used for the process. There 

are various processes, feedstocks, and energy sources. The number of production 

techniques is significantly important [6]. 

Table I.1: energy content of different fuels [7]: 

 

 

 

Fuel Density (g/l)        Lower heating 

value (MJ/Kg) 

Carbon Percentage 

% 

         Crude Oil 845 42.8 85.0 

Natural gas 0.654 50.1 5.0 

Conventional 

Gasoline 

737 43.7 85.5 

Conventional 

diesel 

856 41.8 87.0 

Hydrogen 0.0818 142.0 0 
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I.1.1. Advantages and disadvantages of hydrogen: 

           Hydrogen offers both advantages and challenges as an energy carrier. Its clean 

nature and versatility make it a promising solution, but energy-intensive production, 

storage complexities, and infrastructure needs currently limit its widespread use [8]. 

Where the advantages and disadvantages of hydrogen as fuel shown in Table I.2  

Table I.2: Use of hydrogen as a transportation fuel [9]:  

 

I.2. Hydrogen production method: 

              Hydrogen can be produced by several methods using chemical, electrochemical, 

catalytic, thermal or biological reactions; however, most of these reactions raise severe 

safety and environmental issues, while the availability of raw materials is a critical 

problem.  The emergence of the hydrogen economy will depend upon the development of 

safe, efficient, widely available and environmentally responsible means for generating 

hydrogen. Since fossil fuel sources are currently abundant, almost all hydrogen is 

produced from these sources. However, the aim of any realistic sustained energy system 

based on hydrogen necessitates the fabrication of hydrogen from renewable sources In 

this regard hydrogen from water and sunlight is the ultimate choice [10]. Most of them 

involve splitting water into its two components of hydrogen and oxygen, as water makes 

Use of Hydrogen as a Transportation Fuel 

Advantages Disadvantages 

High energy yield (122 kJ/g) Low-density (large storage areas) 

Most abundant element Not found free in nature 

Produced from many primary energy 

sources 

Low ignition energy (similar to gasoline) 

Wide flammability range (hydrogen 

engines operated on lean mixtures) 

Currently expensive 

High diffusivity  

Water vapor is a major oxidation product  

Most versatile fuel  
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up 70% of the earth's surface. Some of these methods are described below, but not all the 

methods are appropriate for a hydrogen economy or are environmentally safe [11]. 

 I.2.1. Stream reforming: 

              Steam Methane Reforming (SMR) was developed in 1930 and became one of 

the most important processes for hydrogen production. The principle reaction of SMR is 

presented by the following equations [12]: 

CH₄ + H₂O                      CO + 3 H₂                ΔHSR = 206.2 kJ/mol…………………. (I.1)    

CO + H₂O                      CO₂ + H₂                ΔHSR = - 41.2 kJ/mol……………………(I.2) 

CH₄ + 2H₂O                  CO₂ + 4 H₂              ΔHSR = 165 kJ/mol……..………………..(I.3) 

          This process is reversible and endothermic, so it is carried out at 700 -900 °C and 

15 – 30 ˟ 10
5
 Pa with nickel supported on alumina as a catalyst.  

            Despite the importance of this method, it faces some problems and limitations:  

a) Hydrogen production is limited to the equilibrium conversion of methane owing to the 

reversibility of the reaction [12]. 

b) It has CO₂ production as a by-product, which affects climate change.  

c) There is catalyst deactivation due to carbon formation; therefore, there is a limit to the 

catalyst's lifetime, and finally.  

d) This process relies on using a fossil fuel (methane). 

The process of the (SMR) is diagrammed in the (Figure I.1.) 
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Figure I.1. Common process flow for a Steam Reforming plant. Adapted from 

"Hydrocarbon Processing: Gas Processing Handbook (2012) 

 

 

I.2.2. Electrolysis: 

        Electrolysis is a promising option for carbon-free hydrogen production from 

renewable and nuclear resources. Electrolysis is the process of using electricity to split 

water into hydrogen and oxygen. This reaction takes place in a unit called an electrolyze.  

          Electrolyzes consist of an anode and a cathode separated by an electrolyte. 

Different electrolyzes function in different ways, mainly due to the different types of 

electrolyte material involved and the ionic species it conducts [13]. 

 Electrolysis consists of an oxidation process at the anode to produce oxygen, and a 

reduction process at the cathode to produce hydrogen, as observed in the following 

equations:  

Cathode (Reduction): 2 H2O (I) +    --------► H2 (g) + 2     (aq)…………..…… (I.4)    

Anode (Oxidation): 4    (aq) --------►O2 (g) + 2 H2O (I) +    ………………… (I.5)   

Overall: 2H2O (I) -------► 2H2 (g) + O2 (g) …………………………………………..(I.6)    
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           This process is slow if the above reaction occurs in pure water, so an electrolyte 

(such as potassium chloride) must be added. Hydrogen produced by electrolysis accounts 

for about 4% of production worldwide. Most of it is produced as a by-product of chlorine 

production. The efficiency of the electrolysis of water is about 50-80% to convert the 

electrical energy to hydrogen's chemical energy [11]. 

 

I.2.3. Thermochemical Production: 

            The thermochemical production of hydrogen, also known as a thermochemical 

water cycle, involves using high-temperature heat to drive a series of chemical reactions 

that produce hydrogen and oxygen from water. This process is a promising technology 

for green hydrogen production, especially when coupled with concentrated solar energy 

or waste heat from advanced nuclear reactors. Thermochemical water splitting cycles,                        

(TWSCs), offer advantages such as decentralized hydrogen production, reduced risk of 

accidents, and eliminating high-temperature gas separation needs. These cycles are 

catalyst-free and do not rely on expensive elements, making them a natural alternative to 

water electrolysis for large-scale hydrogen production [14]. 

I.2.4. Reforming of biomass and waste: 

          Hydrogen can be produced from biomass and wastes as new renewable energy 

sources. The gasification of biomass is efficient, environmentally friendly, and has 

operational advantages. This process is classified according to the type of gasifying 

agent: air, steam, steam oxygen, air-steam, oxygen-enriched air, and so on [15, 16]. There 

have been extensive studies regarding hydrogen production from waste materials and 

wastewater from industrial processes. The problems arising from this method are the low 

hydrogen production rate and yield [17, 18]. 

I.2.5. Photolysis: 

          Two decades ago, great interest was shown in the photochemical reduction of 

water to generate hydrogen. Photolysis of water, photodecomposition, involves splitting 

water into hydrogen and oxygen using the photons. In other words, it is the conversion of 

photon energy to chemical energy, which is stored as hydrogen fuel [11]. This process is 

presented in equation (I.7): 
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H2O (I) + H2O ---------- ► H2 (g) + 1/2 O2 (g)…………………………………….….( I.7)     

          This reaction occurs when the potential difference is equal to or greater than 1.23 

eV, the electromotive force, which is also derived from the following relation (I.1): [19] 

E = ΔG° (H2O) /2NA…………………………………………………………………..(I.1)  

Where: E: is the electromotive force in (eV).  

(ΔG°): is the standard Gibbs free energy is 237.2 KJ/mol (2.46 eV) at 25 °C and 

(NA): is Avogadro's number (6.022 x     ). 

           The potential applications of photolysis include using transparent plastic tubes 

filled with a water-catalyst solution exposed to sunlight, which could make hydrogen 

production up to four times cheaper than traditional electrolysis methods. This innovative 

approach holds promise for sustainable and efficient hydrogen generation, contributing to 

the advancement of green energy technologies [19]. 

 

I.3. Photoelectrolysis: 

                Hydrogen can be produced using solar energy as the driving force by the 

photoelectrolysis of water. In the process, solar photons are absorbed directly into an 

absorber material. Without complete conversion to heat. The absorber can either convert 

part of the photon energy to electricity (as in a photovoltaic cell) or use it in the 

decomposition of water to hydrogen and oxygen, that is the solar photoelectrolysis of 

water (Figure I.2) Fujishima and Honda (1972) where the first to report the generation of 

hydrogen and oxygen in a photoelectrochemical cell (PEC) using a TiO2 photo anode 

illuminated with near  light. Since then, scientists have extensively studied water splitting 

to search for semiconductor photo electrodes and photocatalysts [20]. 
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     Figure I.2. Honda/ Fujishima effect of water splitting using a TiO2 photoelectrode. 

           

          Photocatalysts used in water splitting have several basic requirements for the 

bandgap and band levels, Photocatalysts need to meet the special band requirements and 

typically have dopants and/or co-catalysts added to optimize their performance[21]. 

           Electrons and holes are generated and separated into different, the electrons 

generated at the anode pass to a Pt cathode, and the photogenerated electrons reduce 

water to form H2 on a Pt counter electrode, while holes oxidize water to form an O2 

electrode.  

          In general, photochemical systems for hydrogen generation can be classified into 

the following categories [21]. 

1) Photochemical systems that solution-based molecules absorb sunlight. 

2) Semiconductor systems, that is sunlight is absorbed by either a suspended 

semiconductor, a particle in a liquid, or as a semiconductor surface in a photovoltaic or 

an electrochemical cell. 

3) Photobiological systems, that is sunlight is absorbed by a chloroplast or algae in a 

configuration coupled to a hydrogen-generating enzyme. 

4) Hybrid systems. 
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       For efficient water splitting, photocatalysts must possess a few key elements. One 

key element is that H2 and O2 evolution should occur in a stoichiometric 2:1 ratio. The 

prime measure of photocatalyst effectiveness is quantum yield (QY), which is: 

 QY(%) = Nre/Nip x100………………………………………………………….…….(I.2) 

Where: QY (%): is the quantum yield in (%) 

Nre: is the number of reacted electrons  

Nip: is the number of incident photons 

      This quantity is used to determine how effective a photocatalyst is, however, it can be 

complex, depending on the experimental reaction conditions [22]. 

In general, the efficient photocatalyst would have a high quantum yield and give a high 

rate of gas evolution.  

           The other important element for an efficient photocatalyst is the spectral range of 

sunlight absorbed. As light has higher photon energy, photocatalysts will perform better 

per photon than visible light-based photocatalysts, but less light reaches the earth's 

surface than visible light from the sun. Thus, even a less efficient photocatalyst that 

absorbs visible light can be more useful than a more efficient photocatalyst absorbing 

solely light [22]. 

I.4. Photocatalyst: 

       A photocatalyst is a material that accelerates the rate of a photochemical reaction 

without being consumed or altered. In hydrogen production by photocatalytic water 

splitting, a photocatalyst is a semiconductor material that can absorb light energy to 

generate electron-hole pairs, which then participate in redox reactions to split water 

molecules into hydrogen and oxygen [23]. 

        Enormous numbers of photochemical, chemical, and electrochemical processes 

occur on the surface of photocatalysts. The efficiency and rates of these reactions depend 

on several factors, some of which are related to the type of photocatalyst, and the 

behavior of photocatalysts influenced by the band gap of the semiconductor. 
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Semiconductors have been studied intensively and used widely in all the applications of 

photocatalysis [23]. 

        The term „band gap‟ refers to the energy difference between the top of the valence 

band and the bottom of the conduction band. Electrons can jump from a valence band to a 

conduction band, if a minimum amount of energy for the transition is provided, for a 

specific photocatalyst material, by absorbing a photon (light).  

         In general, the band gap is a major factor determining the electrical conductivity of 

a solid (Figure I.3). A semiconductor is a material with a small enough band gap that 

allows thermal excitation of electrons into its conduction band at temperatures below its 

melting point [11]. 

 

Figure I.3. Bandwidth and band edge criteria for photocatalytic production of hydrogen. 

(b) Position of valence and conduction band edges for a range of semiconductors          

(pH =1). 
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            According to band theory, the valence electrons occupy several levels, which are 

grouped as bands. The highest occupied band called the valence band (VB) is fully 

occupied in a semiconductor. The next band called the conduction band (CB) is empty 

and exists only if some electrons are excited to this band, whereby its energy level 

becomes higher than that of the VB. These bands are separated by a forbidden region, 

which can contain no electron states; it extends from the top of the VB to the bottom of 

CB and is known as the band gap. The size of this region affects the properties of 

semiconductors. This kind of photocatalyst is strongly affected by temperature, as is its 

conductivity. Increasing the temperature leads to an increase in the energy of the 

electrons. The conductivity depends on the number of electrons that have been promoted 

across the band gap. This, the conductivity increases in proportion to the increase in 

temperature [24]. 

       In the process of photoelectrolysis, a photoactive material forms a junction when in 

contact with a liquid (or a solid) electrolyte, and at the junction photon absorption creates 

a local electron−hole pair that generates sufficient voltage to electrochemically split a 

neighboring water molecule [22]. 

      The technical challenges in robust semiconductor materials development for direct 

photoelectrochemical decomposition of water include the condition that the band edges 

of the semiconductor must overlap those of the hydrogen and oxygen redox reactions.            

     In addition, charge transfer from the surface of the semiconductor must be fast enough 

to prevent corrosion and to achieve low overvoltage to reduce energy losses and the 

semiconductor system must be stable in aqueous electrolytes [22]. 

      This Improving, photocatalytic activity by modification has become a rule of great 

importance in the scientific community in recent years.  

       Photocatalyst materials are generally semiconductor materials doped with another 

element, and examples include oxynitrides, (TaON), (Ta3N5), and (LaTiO2N), nickel-

doped indium-tantalum-oxide catalysts, and CdS/ZnS systems. Titanium dioxide (TiO2), 

zinc oxide (ZnO), and bismuth vanadate (BiVO4). Water splitting occurs when the 
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catalyst is irradiated with light in the presence of an electron donor and acceptor, 

oxidizing  (OH
−
) 

ions to produce (O2) and reducing (H
+
) ions to (H2). The semiconductor-based oxidation 

and reduction reactions can be promoted by using catalysts in the structure [24].  

I.4.1. Zinc oxide (ZnO) supported on activated carbon (AC):  

       Zinc oxide (ZnO) is a versatile inorganic material with a wide range of applications 

due to its unique properties. It is classified as an II-VI semiconductor, characterized by a 

direct wide band gap of 3.3 eV in the near-UV spectrum and high excitonic binding 

energy at room temperature. ZnO exhibits optical, chemical sensing, semiconducting, 

electric conductivity, and piezoelectric properties, making it valuable in various fields 

[25]. 

         ZnO nanoparticles have been studied for their antibacterial, antifungal, catalytic, 

and photochemical activities. They possess high optical absorption in the UVA and UVB 

regions [26]. 

           The wide band gap of ZnO significantly influences its properties, such as electrical 

conductivity and optical absorption. When doped with other metals, ZnO can exhibit 

enhanced conductivity. The material's strong ionic bonding in the Zn 

O structure contributes to its durability, selectivity, and heat resistance, surpassing many 

organic and inorganic materials [27]. 

           Zinc oxide (ZnO) supported on activated carbon (AC) is a promising photocatalyst 

with enhanced performance compared to pristine ZnO. The ZnO/AC composite is 

typically synthesized using a hydrothermal process, where ZnO nanorods are decorated 

onto the surface of porous AC [28].  

I.4.2. Mechanism of photocatalyst ZnO supported by activated carbon:  

ZnO, a semiconductor, absorbs visible light due to its wide bandgap (about 3.37 eV). 

When ZnO absorbs photons with energy equal to or greater than its bandgap, electrons 

(e⁻) in the valence band are excited to the conduction band, leaving behind holes (h⁺) in 

the valence band [29]. 
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   - The basic reaction can be summarized as: 

ZnO + hν                      +    …………………………………………………………(I.8) 

Effective photocatalysis requires the separation of the photo-generated electrons and 

holes to prevent recombination. Activated carbon (AC) is plays a crucial role here. 

because he has a large surface area and excellent electron conductivity. When ZnO is 

supported on AC, the AC can trap and transport electrons efficiently, reducing the rate of 

electron-hole recombination [29]. 

The photo-generated electrons and holes migrate to the surface of the photocatalyst where 

they participate in redox reactions [30]. 

The electrons (e⁻) reduce protons (H⁺) in water to produce hydrogen gas (H₂): 

 2  +2               ……………………………………………………………………(I.9) 

The holes (h⁺) oxidize water (H₂O) to produce oxygen gas (O₂) and protons (H⁺): 

2    + 4                  +4   ………………………………………………………( I.10) 

The combination of ZnO and AC creates a synergistic effect. ZnO is the active 

photocatalyst, while AC enhances charge separation and provides more active sites for 

reactions due to its high surface area [30]. 

            In an aqueous solution, the overall reaction for water splitting into hydrogen and 

oxygen can be summarized as 

2                    2   +    …………………………………………………………...( I.11) 
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 This mechanism is explained in Figure I.4.   

 

Figure I.4. Mechanism-of-the-photocatalytic-water-splitting 
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II.1. Introduction: 

          This chapter presents a description of the steps involved in the synthesis of 

ZnO/AC, where alimentary waste DS was used as a raw material. As well as all the 

equipment needed for that. In addition to the experimental protocols used to test its 

efficiency in pure water splitting to hydrogen and oxygen. 

          Finally, the experimental setup for testing the ability of the synthesized ZnO/AC 

photo catalyst in wastewater splitting to hydrogen and oxygen, and treated water. 

Ⅱ.2. Materials and products: 

           In this study, date seeds (DS) were used as a feedstock to prepare (AC), which was 

used to support the synthesized photocatalyst. All chemicals and materials used in the 

investigation such as acid 37% (HCl), potassium hydroxide 85% (KOH), and methylene 

blue (MB) alongside NaOH and main subject zinc nitrate hydroxide Zn(NO3)2. 

            For the materials, a tubular furnace, UV-Vis spectrophotometer, and, a generator 

ensure uninterrupted power.  

 

II.3. Preparation of photocatalysts:  

             A two-step process was used to prepare the photocatalyst, firstly preparation of 

activated carbon, and secondly, doping of activated carbon with photocatalysts 
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ıı.3.1. Preparation of activated carbon (AC): 

          The date seeds (DS) have been pre-treated before use by washing and drying them 

to remove all Impurities then proceed to crushing them to small particle sizes. The work 

process is summarized in Figure II.1. 

 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Activated carbon (AC) 

Figure II.1. Workflow of the preparation of activated carbon (AC) 

Raw material 

washing 

Washing 

Drying 

Crushing 
 

Sieving 
 

Carbonations 

Activation 

 



 Chapter ıı                                                   Experimental setup and Conditions 

18 | P a g e   
 

ıı.3.1.1.Washing: 

     In order to remove all impurities stuck on the surface of the DS, the DS were washed 

before they were used. It should be noted that this process increases the water content in 

the feedstock and therefore the drying process is a necessity, as the (Figure ıı.2)shows. 

 

 

 

 

 

 

 

 

 

Figure ıı.2. Date seeds after washing. 

II.3.1.2 Drying: 

                 It is important to thoroughly dry date seeds before using them to make 

activated carbon. The drying process was carried out by laying Date seeds inside the 

oven, as shown in (Figure ıı.3) for a long period, to ensure that it was completely dried. 

The experiment period of 14 hours was enough for a temperature 100 °C [31].  

 

Figure II.3.  drying oven. 
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ıı.3.1.3. Crushing: 

             This step aims to reduce the size of the particles to form into grains. The crushing 

was done manually using a manual grinder (Figure II.4), Figure.II.4 (b) shows the seeds 

after crushing them.  

         

Figure II.4. Crushing of date seeds (a) Manual grinder, (b) crushed date seeds. 

 

II.3.1.4 Carbonation: 

            A quantity of the biomaterial was carbonized in a furnace muffle (Figure.II.5) at a 

temperature of 500 °C for 2 hours. Figure ıı.5 (b) shows the obtained carbon.              

 

Figure II.5. Carbonation of date seeds (a) Furnace muffle, (b) Obtained carbon. 

 

 (a)  (b) 

 (a)  (b) 
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II.3.1.5. Activation: 

           An activation method combining chemical and thermal processes was used to 

activate the obtained carbon, by mixing KOH with carbon, the ratio is 4:1 (four grams of 

KOH for every one gram of carbon), the mixture was then introduced to a tubular furnace 

at a temperature of 700 °C for an hour, with the presence of nitrogen gas at a flow rate of   

ml/h, as shown in the Figure ıı.6. 

         The obtained activated carbon was washed, and its pH was monitored until 

obtaining a neutral value with a portable pH meter. 

 

 

Figure II.6. Tubular furnace used in the bio char activation process  
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II.3.2. Synthesis of ZnO-supported activated carbon (AC) composite: 

                    The method for preparing a photocatalyst zinc oxide ZnO supported on 

activated carbon (AC) is based on the impregnation method. In the first step, solution A 

was prepared in a beaker by dissolving a mass (m1) of zinc nitrate (Zn (NO3)2) in 50 ml 

of distilled water under constant stirring for 30 min. Another solution B was prepared by 

dissolving a mass (m₂) of AC in 50 ml of distilled water with continuous stirring for 30 

min, then pouring solution A into B with constant stirring for 1 hour at a temperature not 

exceeding 180 °C until all the water has evaporated, then drying the mixture in an oven at 

a temperature of 120 °C for 1h to produce the ZnO-AC nanocomposite. 

Three different photocatalysts with different weight ratios of Zinc oxide ZnO/ Activated 

carbon (AC) were prepared in this study, to investigate the weight ratio on the 

performance of the photocatalyst as summarized in Table.II.1. 

 

Table II.1:  different photocatalysts ratios in the synthesis. 

 

II.3.2.1. Calcination: 

              Calcination is the last stage in the preparation of the photo-catalyst; the ZnO/AC 

powder prepared from the synthesis is poured into a ceramic crucible and placed in the 

 

Representation of 

photocatalyst 

Weight of zinc nitrate 

Zn(NO3)2 (g) 

(m1) 

Weight of AC 

(g) 

(m2) 

Weight ratio 

 
   

  
 (-) 

3/7 ZnO-AC 3 7 0.43 

4/6 ZnO-AC 4 6 0.67 

5/5 ZnO-AC 5 5 1 
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 muffle furnace (Figure.II.5) at a temperature of 500 °C for 3 hours to prepare the 

nanocomposite. The general protocol used is described in (Figure II.7.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 

      

Stirring 1 hour 

 

Drying 120 °C 
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Figure II.7. Method for preparing the ZnO/AC photocatalyst. 



 Chapter ıı                                                   Experimental setup and Conditions 

23 | P a g e   
 

 II.4. Photocatalyst activity experiments: 

       II.4.1.Water splitting:  

An experiment was conducted with 1 g of ZnO /AC added to 1200 ml of water (messed 

water) to examine how the photocatalyst enhanced the water-splitting process in the 

electrolyze as shown in Figure.II.8, an electric generator is used to generate an electric 

current of 24 volts. The experimental set-up for the electrolysis test is exposed to the 

visible light of 500 W. The flow rates of produced gases including oxygen and hydrogen 

produced through the water splitting process are measured during the test. 

 

  Figure II.8. Water splitting experiment to determine the activity of the photocatalytic 

 

II.4.1.2. MB dye photodegradation:  

             In addition to the performance of the synthesized photocatalyst ZnO-AC in the 

water-splitting process, a solution containing 20 ppm blue methylene (MB) was prepared 
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to test its ability to photodegrade MB dye, at the same time as splitting water into 

hydrogen and oxygen. 

            The flow rates of produced gases including oxygen and hydrogen produced 

through the water splitting process are measured during the test. Also, MB dye was tested 

for photodegradation by withdrawing a sample every 10 minutes and analyzing it using a 

UV-Vis spectrophotometer (SHIMADZU UV -1280). 

 

Figure II.9. Coupled water splitting and photocatalytic degradation of MB dye over 

ZnO-AC photocatalyst 

 

Ⅱ.4.2. Determination of (λ max) and calibration curve: 

              Methylene blue (MB) dye was chosen in this study due to its known strong 

adsorption on materials. Solids, and their recognized usefulness in describing adsorptive  

materials, often serve as a model for the removal of organic pollutants and colored 

particles from aqueous solutions. 
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              The maximum absorption wavelength (λ max) was determined by plotting the 

absorption spectrum of a sample of a solution of known dye concentration, after a wave 

sweep in the visible range of 400-800 nm. 

              Having determined the maximum absorption wavelength for methylene blue, a 

standard dye solution was prepared from the dye stock solution (20 ppm) to measure 

absorbance and plot the appropriate calibration curve. 

Ⅱ.4.2.1. Calibration curve for methylene blue (MB): 

A calibration curve is generated by preparing several diluted solutions with different 

concentrations of BM dye. Absorbance is measured at the maximum wavelength of               

(λ max). 

The photodegradtion rate of MB over the ZnO-AC photocatalyst is calculated through the 

following relationship: 

R(%)=(C 0 – C t ) / C 0 × 100…………………………………………………………(Ⅱ.1)  

Where: 

C 0: initial concentration of the solution (mg/L) 

C t: concentration of the solution at time (t) 

R (%): The Photodegradtion rate of the MB over the photocatalyst      
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II.5. Parameters affecting photocatalytic activity: 

         To deeply understand the performance of the water-splitting process over ZnO-AC 

photocatalyst, the effect of several parameters was investigated in this study, such as 

time, light source, NaOH mass, and the weight ratio of ZnO/AC. 

        In addition, the performance of the ZnO- AC photocatalyst was also tested in the 

presence of 20 ppm of methylene blue (MB) dye in the water. Table II.2. Summarize the 

parameters investigated in this study.  

Table II.2:  Parameters affecting photocatalytic activity. 
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III.1. Electrolytic activity: 

        This chapter has studied hydrogen and oxygen production by the water splitting 

process and the performance of sodium hydroxide mass (1, 2,3g ) on H2 and O2 

productivity under the influence of light rays 1000W, electric current 0.86 A. 

III.1.1. Effect of NaOH mass: 

Figure.III.1. shows the effect of the sodium hydroxide mass on the efficiency of the 

water-splitting process and the total productivity of hydrogen and oxygen. The NaOH 

mass strongly affects the efficiency of the water-splitting process, as the NaOH mass 

increases the water-splitting efficiency increases, leading to higher hydrogen and oxygen 

productivity. 

        The electrolysis of water by adding 1 g of sodium hydroxide produced (114 ml) of 

hydrogen and (0.59 ml) of oxygen. The highest production of hydrogen and oxygen is 

made through the process of water splitting into hydrogen and oxygen with 2 g of NaOH 

is                 (188 ml) and (9.5 ml). The water-splitting process with 3 g of NaOH reached 

the highest production of hydrogen and oxygen with (329 ml) and (30 ml). However, all 

three experiments were conducted at the same temperature interval as shown in 

Figure.III.1. (a) 

         All experiments were conducted within the same temperature range, ensuring that 

the observed differences in gas production were primarily due to the varying NaOH mass. 

         It is noted that the hydrogen gas produced has increment in the addition of the mass 

of sodium hydroxide solution. This condition shows that the higher the mass of the 

NaOH electrolyte solution, the formed electrons are denser and more numerous, making 

it easier to transfer electrons from the solution to the electrode [32]. 

            However, there is a limit to this effect. Beyond a certain concentration, additional 

NaOH may not significantly increase the conductivity further, as the solution may reach a 

saturation point where additional NaOH does not dissolve effectively or the system may 

have other limiting factors such as electrode surface area or power supply limitations 

[33]. 



 Chapter Ⅲ                                                                    Results and discussion 

28 | P a g e   
  

 

 

 

 

Figure.III.1.Effect of NaOH mass on electrolytic activity, variation of (a Temperature, b- 

Volume of hydrogen produced, and c- Volume of oxygen) 
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III.2. Photocatalytic activity: 

           The performance of the photocatalyst on the water splitting of hydrogen and 

oxygen production and compared to the electrolyte. 

III.2.1. Photocatalytic water splitting: 

           Figure.III.2. shows the performance of 1 g of the 5/5 ZnO-AC photocatalyst in the 

water splitting process, It is observed that the effect of the photocatalyst on the water 

splitting is divided into two phases, in the first phase the productivity of hydrogen and 

oxygen was identical, this indicates that the process of splitting water through an 

electrolyte is similar to the process of splitting water through a photocatalyst, which 

means that the effect of the 5/5 ZnO-AC photocatalyst is neglected. In the second phase, 

(40-140 min) the productivity of hydrogen and oxygen was different, this indicates that 

the process of splitting water through an electrolyte is different from the process of 

splitting water through a photocatalyst, which means that the effect of 5/5 ZnO-AC 

photocatalyst is remarkable and affects positively on the efficiency of the water splitting 

process, However, the photocatalyst required time where observed.  

NaOH in the electrolyte solution typically serves to increase the ionic conductivity of the 

solution, facilitating the movement of ions necessary for the water splitting reaction. 

However, without the photocatalyst, the reaction relies solely on the thermodynamic 

properties and the electrochemical potential provided by the NaOH [34]. Which seems 

less effective over a prolonged period compared to the photocatalyst-enhanced reaction. 

The photocatalyst requires a certain period to become fully active. During this period, the 

effect of the photocatalyst is negligible, and the process resembles a typical electrolysis 

reaction. 

Over time, the photocatalyst becomes more effective, likely due to the activation of more 

photocatalytic sites or the stabilization of reaction intermediates [35]. 

Photocatalysts, such as 5/5 ZnO-AC, are known to enhance the rate of hydrogen 

production by absorbing photons and generating excited electrons and holes. These 
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charge carriers participate in redox reactions, splitting water molecules into hydrogen and 

oxygen.                  

The improvement in performance seen in the second stage suggests that the photocatalyst 

becomes more effective over time, possibly due to reaching a more active state or the 

accumulation of more reactive intermediates [36]. 
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Figure.III.2.Photocatalytic activity of 5/5 ZnO-AC, variation of (a-Temperature, b- 

Volume of hydrogen produced, and c- Volume of oxygen) 
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III.2.1.1.Effect of the weight ratio of ZnO and activated carbon (AC): 

Figure.III.3 represents the effect of the weight ratio of ZnO/AC on the efficiency of the 

water-splitting process. It is seen from Figure.III.3 (b), the volume of hydrogen 

produced from the water-splitting process increases as the weight ratio of ZnO/AC 

decreases from 5/5 to 4/6, this means that the increase in AC has a positive impact on 

hydrogen production.   

         In addition, after that decreases from 4/6 to 3/7 have the opposite effect, as it is 

noticed that the volume of hydrogen produced decreases.  

The optimal ratio is considered to be 4/6 ZnO-AC for the best performance of the water-

splitting process. 

         It strikes us a balance where the benefits of AC (increased surface area, improved 

charge separation) are maximized maximizing the number of active sites, while still 

maintaining sufficient ZnO content for effective photocatalytic activity. Also, the 

moderate weight ratio of activated carbon enhanced the performance of ZnO 

photocatalysts by improving the charge transfer processes [37]. 

        At this ratio, the synergistic effect between ZnO and AC is optimized, leading to the 

highest hydrogen production in the water-splitting process. This indicates that there is an 

optimal balance between ZnO and AC, where the beneficial effects of AC are maximized 

without compromising the photocatalytic properties of ZnO [37]. 

      The volume of hydrogen produced from the dissociation of water decreases in the 

case of 3/7: the explanation of this is as follows: Insufficient weight ratio of the catalyst 

limited the number of active sites available for photocatalytic reactions, and an excessive 

amount of AC might overshadow the active sites of ZnO or block the light absorption, 

reducing the efficiency of the photocatalyst which reduced the rate of hydrogen 

production. An excessive activated carbon weight ratio leads to aggregation of the 

catalyst, reducing the surface area available for photocatalytic reactions.  Moreover, 

hinders the absorption of light [38]. 
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      In 5/5, the volume of hydrogen produced decreases and, it can be interpreted as the 

high catalyst weight ratio reduced the effective surface area because the growth of ZnO 

on the surface was closing some of the activated carbon's pores. Besides, the specific 

surface area of the zinc is lower than that of activated carbon. In addition, the low weight 

ratio of activated carbon does not provide sufficient surface area for the adsorption of 

reactants or may not effectively promote the separation of photogenerated charge carriers, 

thus reducing the efficiency of hydrogen production [39]. 

         From this, the conclusion is that the weight ratio of ZnO and activated carbon 

significantly affects the performance of ZnO photocatalysts in hydrogen production. 

Increasing the ZnO content enhances the photocatalytic activity for hydrogen generation 

due to the increase in active sites on the photocatalyst's surface. However, beyond a 

certain quantity, the hydrogen evolution rate may decrease because of aggregation of the 

photocatalysts, leading to reduced surface area and light penetration. This decrease in 

hydrogen evolution rate can be attributed to factors like light scattering and hindered light 

penetration through ZnO [40]. Therefore, optimizing the weight ratio of ZnO and 

activated carbon is crucial to maximize the efficiency of ZnO photocatalysts in hydrogen 

production. 
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Figure.III.3. Effect of the weight ratio of ZnO and activated carbon (AC) on 

photocatalytic activity of ZnO-AC variation of (a Temperature, b Volume of hydrogen 

produced, and c Volume of oxygen) 
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III.2.1.2 Comparison of photocatalytic performance over different light sources: 

The influence of light intensity was examined using two different lamps (500 and              

1000 W), the obtained results are presented in Figure.III.4. Inform where the 1000 W 

lamp showed improved photocatalytic activity compared to the 500 W. 

        The explanation for this as Photocatalytic reactions are initiated by the absorption of 

photons by photocatalysts. This absorption generates electron-hole pairs that dissociate 

into photo-excited electrons and holes (electron vacancies) [41]. 

        In addition, ZnO photocatalysts are also considered more sensitive to source light, so 

the lamp that emits moresource light might perform better [42]; So that high-wattage 

lamps can generate more energy and more light intensity, and this enhances the efficiency 

of photocatalytic reactions and reaction kinetics. 

        From this, it concluded that it is seen that the photocatalytic efficiency increased 

with an increase in the light intensity.  Moreover, the overall energy input to a 

photocatalytic process is dependent on light intensity. [43] 
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Figure.III.4. Performance over different light sources between the 500 W and the            

1000 W lamps variation of (a- Volume of hydrogen produced, and b- Volume of oxygen). 

 

 

 

0

200

400

600

800

1000

1200

1400

1600

1800

0 20 40 60 80 100 120 140 160 180 200

V
o
lu

m
e 

o
f 

h
y
d

ro
g
en

 (
 m

l 
) 

  

Time  

500 W

1000 W

( a ) 

-10

0

10

20

30

40

50

60

70

80

90

0 20 40 60 80 100 120 140 160 180 200

V
o
lu

m
e 

o
f 

o
y
x
g
en

 (
 m

l 
) 

  

Time  

500 W

1000 W

( b ) 



 Chapter Ⅲ                                                                    Results and discussion 

37 | P a g e   
  

III.2.2. Photocatalyticcoupled-dye degradation, and water splitting: 

           To investigate the performance of the photocatalyst in water splitting and 

methylene blue (MB) dye degradation simultaneously, methylene blue (MB) dye was 

added to water. 

III.2.2.1. Photodegradation of methylene blue (MB) dye on 4/6 ZnO-AC: 

           The obtained results are represented in Figure.III.4, it is noted that as time passes 

the photodegradation rate of MB dye over 4/6 ZnO-AC increases until reaching a 

complete photodegradation rate of MB dye (100 %).  

          The photocatalyst ZnO-AC degrades methylene blue dye through a photocatalytic 

process that involves the adsorption of the dye molecules onto the surface of the ZnO-AC 

material, followed by the degradation of the dye through a series of redox reactions [44]. 

The absorption of light energy by the ZnO-AC material initiates the process, which 

excites electrons and creates electron-hole pairs. These electron-hole pairs then 

participate in redox reactions with the adsorbed dye molecules, leading to their 

degradation [45]. 

         The degradation mechanism involves the formation of reactive oxygen species 

(ROS) such as hydroxyl radicals (OH ) and superoxide ions (O
2- 

) on the surface of the 

ZnO-AC material. These highly reactive ROS species can oxidize the dye molecules, 

breaking them down into smaller, less harmful compounds [46]. 
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Figure.III.5. Photodegradation of methylene blue (MB) dye on 4/6 ZnO-AC, variation of 

(a- Temperature, b-Dye removal) 
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III.2.2.2. Photocatalytic water splitting on 4/6 ZnO-AC: 

A comparison was conducted between the performance of the photocatalyst 4/6 ZnO-AC 

in water splitting with and without MB dye. The obtained results are represented in 

Figure.III.5. As expected, the addition of MB dye has negatively affected the 

performance of the 4/6 ZnO-AC photocatalyst. 

          It is noted in Figure.III.5 (a, b) a decrease in the volume of hydrogen and oxygen 

production in water-splitting with dye MB compared to its productivity without dye MB, 

this may be due to the double function of the photocatalyst in degrading the MB dye and 

splitting the water simultaneously.  

        For the decrease of volumes of hydrogen and oxygen produced when methylene 

blue is present, the explanation is that the photocatalyst has dual functions degrading 

methylene blue and splitting water. This dual functionality means that some of the 

photocatalyst's active sites are occupied with degrading the dye, which reduces its 

availability for the water-splitting reaction. As a result, less hydrogen and oxygen are 

produced [47]. 

         When the methylene blue dye is absent, there is an increase in the production 

volumes of both hydrogen and oxygen. The explanation for this is that without the dye, 

the photocatalyst can focus entirely on the water-splitting reaction. All the active sites of 

the ZnO-AC photocatalyst are available for this purpose, leading to higher efficiency and, 

consequently, higher volumes of hydrogen and oxygen production [48]. 
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Figure.III.6. Photocatalytic activity of 4/6 ZnO/AC, variation of (a- Temperature,          

b- Volume of hydrogen produced, and c- Volume of oxygen) 
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III.3. Comparison of photocatalytic performance over different weight ratios 

ZnO/AC: 

             Figure.III.6. A. Represent comparison that conducted between the photocatalyst 

4/6 and 3/7 ZnO/AC performance in water splitting with MB dye.as can be seen from the 

Figure.III.6 (c), in (0-10 min) dye removal increase to 80 and 85 % over 3/7 and 4/6 

ZnO-AC respectively, then, it is noted that as time passes the photodegradation of MB 

dye rates over 4/6 and 3/7 ZnO-AC increases until reaching a complete photodegradation 

of MB dye (100 %).  

The observed differences in photodegradation rates of MB dye using 4/6 and 3/7 

ZnO/AC photocatalysts can be explained by the balance between degradation capacity 

and photocatalytic activity [49].  

 The photodegradation rate over the 3/7 ZnO-AC was more efficient compared to the 4/6 

ZnO-AC. This is likely because the higher AC content in the 3/7 ratio while increasing 

initial adsorption capacity, may overshadow the photocatalytic activity of ZnO [49]. The 

4/6 ZnO-AC ratio, with a higher proportion of ZnO, maintains a better balance, allowing 

for faster and more efficient photocatalysis. 
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Figure.III.7. Photocatalytic activity of 4/6 and 3/7 ZnO-AC, variation of (a- Volume of 

hydrogen produced, and b- Volume of oxygen, c- dye removal) 
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Conclusion  

        A photocatalyst based on ZnO doped with activated carbon with different ratios has 

been successfully synthesized in this work, and its performance was evaluated in the 

process of water splitting into hydrogen and oxygen gas. 

        By increasing the mass of NaOH, the water splits more efficiently into hydrogen and 

oxygen, enhancing the performance of the water-splitting process. 

        Activated carbon greatly enhanced the effectiveness of the ZnO-AC photocatalyst in 

splitting water, based on the results obtained. 

        The optimal ratio is considered to be 4/6 ZnO-AC for the water splitting, leading to 

the highest hydrogen and oxygen production in the water-splitting process. 

        Moreover, the photocatalyst ZnO-AC has demonstrated excellent performance in 

splitting waste water into hydrogen and oxygen in 1200 ml solutions containing 20 ppm 

of MB dye.  

        It retains almost the same level of hydrogen and oxygen productivity as pure water, 

and the photodegradation rate of MB dye reached 100% in a short period, demonstrating 

its high performance in the coupled water splitting and MB dye degradation processes. 

       The optimal ratio was found to 4/6 ZnO-AC for the waste-water splitting, leading to 

the highest hydrogen and oxygen production in the water-splitting process, and 

simultaneously to complete photodegradation of MB dye. 

       Based on the results, the synthesized photocatalyst 4/6 ZnO-AC has been shown to 

be an excellent candidate for the wastewater splitting process. 
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وحطبٍقها فً عمهٍت حقسٍم مٍاي انصزف (، ACوانكزبىن انمىشظ ) (ZnOانشوك )ححضٍز مادة انخحفٍش انضىئً انمعخمذة عهى أكسٍذ  :عنوان المذكزة

 انصحً بانخحفٍش انضىئً

 ج. بزاهيمي: المؤطز                                                                      أسامة :الإسم                    رميلات: اللقب

                               طاهز  :الإسم                    يحياوي: اللقب

( بانكزبىن انمىشظ انمحضز مه بذور انخمز بطزٌقت الاوحلال انحزاري نخصىٍع انمحفش انضىئً ZnOفً هذي انذراست حم حطعٍم أكسٍذ انشوك ) :ملخص

ZnO-ACي عهى انمحفش انضىئً . حم حقٍٍم أداء انمحفش انضىئً انمزكب فً عمهٍت حقسٍم مٍاي انصزف انصحً. وحم انخحقق مه كفاءة عمهٍت حقسٍم انمٍا

ZnO-AC  فً ظم معاٌٍز حدزٌبٍت مخخهفت مثم مصذر انضىء، ووسبت انىسنZnO/AC ووقج انخشعٍع. حشٍز انىخائح إنى أن انىسبت انمثهى نهمحفش ،

 ZnO-AC 4/6 واط. وأظهزث انىخائح انخً حم انحصىل عهٍها أن انمحفش انضىئً 1000، حٍث أن أفضم مصذر نهضىء هى ZnO-AC 4/6انضىئً هً 

 هى مزشح واعذ نفصم مٍاي انصزف انصحً، حٍث حكىن مٍاي انصزف انصحً ٌمكه معاندخها وٌخم إوخاج انهٍذروخٍه والأكسدٍه أٌضًا.

  نفصم انماء، بذور انخمز، معذل انخحهم انضىئً. ZnO-ACانمحفش انضىئً  الكلمات المفتاحية:

Memory title: Preparation of zinc oxide (ZnO)-doped activated carbon (AC) based photocatalytic material, and its 

application in photocatalytic waste water splitting process 

Name: Remilat                          First name: Oussama                                              Directed by: D. Brahimi  

Name: Yahyaoui                        First name: Taher 

Abstract: In the present study, zinc oxide (ZnO) was doped with activated carbon prepared from date seeds by 

pyrolysis to synthesize a photocatalyst ZnO-AC. The performance of the synthesized photocatalyst was evaluated in the 

waste-water splitting process.The efficiency of the water splitting process over the photocatalyst ZnO-AC was 

investigated under various experimental parameters such as light source, weight ratio ZnO/AC, and irradiation time. 

The results indicate that the optimal ratio for the photocatalyst is 4/6 ZnO-AC, as the best light source is 1000 

w.Results obtained showed that 4/6 ZnO-AC photocatalyst is a promising candidate for waste-water splitting, where 

wastewater can be treated and hydrogen and oxygen are also produced.  

Keywords: water splitting ZnO-AC photocatalyst, date seeds, photodegradation rate. 

Titre du mémoire : Préparation d'un matériau photocatalytique à base de charbon actif (AC) dopé à l'oxyde de zinc 

(ZnO) et son application dans le processus de séparation photocatalytique des eaux usées 

Nom : Remilat                             Prénom : Oussama                                                Encadreur : D. Brahimi 

Nom : Yahyaoui                           Prénom : Tahar                                             

Résumé : Dans la présente étude, l'oxyde de zinc (ZnO) a été dopé avec du charbon actif préparé à partir de graines de 

dattes par pyrolyse pour synthétiser un photocatalyseur ZnO-AC. Les performances du photocatalyseur synthétisé ont 

été évaluées dans le processus de division des eaux usées. L'efficacité du processus de division de l'eau par rapport au 

photocatalyseur ZnO-AC a été étudiée sous divers paramètres expérimentaux tels que la source de lumière, le rapport 

pondéral ZnO/AC et le temps d'irradiation. Les résultats indiquent que le rapport optimal pour le photocatalyseur est de 

4/6 ZnO-AC, car la meilleure source de lumière est de 1 000 W. Les résultats obtenus ont montré que le 

photocatalyseur 4/6 ZnO-AC est un candidat prometteur pour la séparation des eaux usées, où les eaux usées peut être 

traité et de l‟hydrogène et de l‟oxygène sont également produits. 

Mots clés : Photocatalyseur, graines de dattes, oxyde de zinc, élimination des colorants.



                                                                                                            

 

 

 


