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CHAPTER 1 

 
1. INTRODUCTION 

 

1.1 GLOBAL ENERGY PROBLEM 

The constant growing demand for energy and the environmental impact of its production 

and consumption, together with the unbalanced distribution of energy resources around the 

world make the global energy problem one of the most urgent challenges of the 

contemporary era. The energy problem has massive implications in terms of environmental 

sustainability, economic and politic stability, and social improvement. Since the global 

population and economies are in continuous expansion, the demand for energy increases 

at an exponential rate. The economic and social expansion lived by the occidental 

economies in the post-war owes its boom to the greater reliance on fossil fuels like coal, oil 

and natural gas that represent immediate and relatively cheap energy sources. Nowadays 

this massive fossil fuels consumption, especially in emerging economies that are 

experiencing a delayed economic and social growth, represents on one hand the 

undiscussed opportunity to power the industrialization and modernization of nations, on the 

other hand an important environmental problem, since fossil fuels represent the main 

contributors to greenhouse gas emissions and consequently of the climate change. The 

environmental effect of the extreme exploitation of energy is related to the release of carbon 

dioxide (CO2) as a product of the combustion of fossil fuels.[1] Carbon dioxide is the main 

responsible of the greenhouse effect leading to global warming, extreme whether 

manifestation, and the degradation of natural ecosystems as direct consequence. Indirectly, 

the process of extraction and refinement of fossil fuels cause important environmental 

irreversible damages where the most worrying are deforestation, water sources 

contamination and natural habitat destruction. In addition to environmental concerns, 

dependence on fossil fuels has critical geopolitical implications. [1,2] Facing the global energy 

crisis requires a multifaceted approach since while some regiones, the developed countries, 

have stable and affordable energy supplies, billions of people in developing countries suffer 
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energy poverty. The multifaceted approach includes the gradual but complete transition to 

renewable and sustainable energy sources.  

 

1.1.2  RENEWABLE ENERGY SOURCES 

The primary candidates as alternatives to carbon base fossil fuels are hydroelectric, nuclear 

and the renewable energy sources. [1ï3] Hydroelectric is a clean source of energy but 

requires building dams to store potential energy in the form of water and nuclear energy has 

its own challenges in terms of storing waste or cost and historically has generated public 

discontent, especially in the wake of the recent Fukushima disaster.[1-3] The renewable and 

primary energy sources have their advantages and disadvantages, but one of the main 

reasons that has cemented the dominances of the fossil fuels over the last century, besides 

their low cost, is the ability to provide the necessary energy continuously, 24 hours a day, 

throughout the entire year. Renewable energy sources offer clean energy indeed, but they 

are intermittent, whether energy was generated by sun, wind or tides. Paradoxically, during 

peak operation, renewable sources can generate an overproduction of energy that exceeds 

the request. These systems would require powerful energy storage units, like batteries or 

electrochemical capacitors, to smooth the difference between energy supply and demand.[4] 

Over the years, the issue concerning the storage of energy from intermittent renewable 

sources has gain a central role in the scientific, political, and economic development, since 

a zero-impact future is difficult to envision without relying on efficient and cost-effective 

systems that allow the safe conservation of production surpluses. Energy storage from 

renewable sources requires to consider both short-term storage (hours or days) and long-

term storage (weeks or months).[5] Many technological systems are already widely used with 

the specific purpose of excess energy storage produced from renewable sources, the most 

historically famous is the hydroelectric power. This technology relies on the artificial filling of 

high-altitude reservoirs exploiting pumps powered by surplus energy production. However, 

this technology is far from sufficient to meet the real energy storage needs that would allow 

each nation to ensure grid stability and prevent blackouts, especially with a view towards a 

complete future energy transition.[6]. 
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1.1.3 ENERGY STORAGE ISSUE 

Many other technologies are quite advanced beside hydroelectric power and nuclear energy 

but there is currently no definitive strategy that comprehensively and conclusively addresses 

the issue of energy storage from renewable sources. Despite that, the most common and 

immediate answer to the question of energy storage today is probably ñbatteriesò. The 

widespread use of rechargeable lithium-ion batteries in recent years has accustomed our 

societies to have energy readily available, even when is not available a connection to the 

electrical grid. Naturally, given their global widespread use, lithium-ion batteries are the 

focus of current attention in this field. This type of device operates based on the movement 

of lithium ions (Li+), which migrate towards one electrode, called cathode, during the 

discharge phase, while moving on the opposite direction towards the other electrode, called 

anode, during the charging phase. This technology has become so prevalent not only 

because it is particularly lightweight and easy to use but also because it can withstand 

thousands of charge and discharge cycles, offers high energy density, and has high charging 

efficiency. The versatility of these devices is therefore convenient, with applications ranging 

from domestic use to the storage of energy from large wind or solar power plants. 

Nevertheless, lithium batteries have two major problems. The first is their cost, which is still 

too high to be considered an acceptable solution for global energy storage, also due to the 

limited amount of lithium, while the second problem is the rare instances of explosions or 

fires. Although this possibility is remote, the risk must be taken into account, and the systems 

must be carefully designed to prevent these occurrences. [4,5] The energy production from 

renewable sources and its storage are two technologies closely intertwined, and energy 

storage is only advantageous if there are low-cost, intermittent energy sources available. 

The batteries technologies nowadays are the most commercial-efficient answer to the 

storage problem, and this explain why they are widely used in electric and hybrid vehicles 

as well as in portable devices. In light of this, it is reasonable to believe that, regardless the 

discussed limits, this technology will continue to grow and improve. [4,7]  

 

1.1.4 HYDROGEN AS STORAGE ALTERNATIVE 

In the discussion about the energy storage from intermittent renewable sources, beside 

batteries, hydrogen has played a leading role, especially in recent years. When hydrogen is 

commonly mentioned, we refer to the colourless and odourless gas composed of two 
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hydrogen atoms (H2). Hydrogen was discovered in 1766 by Henry Cavendish and the name 

óhydrogenô, which derives from Greek and means ówater generatorô, was later assigned to 

the element by Antoine-Laurent Lavoisier. The hydrogen atom is the most widespread 

element in the universe, and it is also the third most abundant on Earth. However, it is 

typically found bonded to other elements, such as in water and in hydrocarbon compounds, 

where hydrogen atoms are bonded to oxygen or carbon atoms. Hydrogen gas, on the other 

hand, used for energy purposes, does not naturally exist on Earth and therefore cannot be 

extracted like coal, methane, or oil. Therefore, this gas, which is often highlighted as a key 

player and starting point for energy transition, must be produced.[7] These days, there are 

two commercially available sources of hydrogen: the first is fossil fuels, and the second is 

water. Coal, oil, and natural gas can be decomposed under specific conditions to produce 

hydrogen and, in most cases, carbon dioxide. A process widely used is, for example, the 

reforming which increases the octane level within a hydrocarbon mixture and has hydrogen 

gas as a byproduct. This approach, naturally, is of limited interest because it maintains 

dependence on fossil fuels, which is why hydrogen produced in this way is called grey 

hydrogen. The process of producing hydrogen form water, on the other hand, is clean but 

requires an energy source in the form of electricity. If this electricity is generated from clean 

and renewable sources, the hydrogen produced is called green hydrogen. This process is 

known as water electrolysis, and its only products are gaseous hydrogen and oxygen. [7,8] 

Since hydrogen is produced by harnessing other energy sources, it is not a primary energy 

source but an energy carrier. This characteristic makes it excellent for storing energy from 

renewable and nuclear sources. Given the intermittent nature of renewable sources, storing 

the surplus energy in form of hydrogen would allow to have an energy carrier available for 

use when renewable production decreases. As for nuclear energy, its strength lies in its 

continuous and constant energy production, but this creates a similar problem to that of 

renewables sources. Energy demand is not constant and steady throughout the year, so 

during periods of low demand, the energy produced by the nuclear plant could risk being 

wasted or sold at very low prices. Hydrogen, as an energy carrier, in this scenario, could be 

useful to store the excess energy produced and exploiting it during peak demand would also 

help to keep the price of nuclear energy stable.[4] Concerning the exploitation of hydrogen, 

this gas is extremely flammable and can be burned like fossil fuels, but with just water as a 

by-product. However, the most efficient use method involves the fuel cells. Fuel cells are 

advanced electrochemical devices that generate electricity through a chemical reaction 

between hydrogen and oxygen, producing only water and heat as byproducts. Unlike 
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traditional combustion engines, fuel cells operate silently, have high efficiency (about 70-

80%), and produce zero emissions at the point of use, making them an attractive option for 

clean energy applications. They are exploited in several sectors, including transportation, 

stationary power generation, and portable devices, offering a promising solution for reducing 

reliance on fossil fuels and mitigating environmental impact. Their versatility and efficiency 

make them a key technology in the transition to sustainable energy systems, therefore fuel 

cell technology is at the base of most hydrogen car. Unfortunately, despite its numerous and 

promising advantages, hydrogen has several issues that limit its applications. Although the 

energy contained in hydrogen molecule is much higher than that in any fossil fuels, the 

density of the gas is very low (d H2 gas= 0.084 gĿL-1
, d H2 liquid=70,8 gĿL-1, T=298K, P=1 atm), 

so its transport and storage involve managing large volumes or high pressure. Below some 

data that may clarify why the issue of hydrogen as a plausible alternative energy vector to 

traditional fossil fuels represents a complex problem. The energy per unit mass released by 

the combustion of hydrogen is about three times that released by gasoline. At the same 

time, the energy per unit volume released by the combustion of gaseous hydrogen is 

extremely lower than that released by gasoline (about 1/2650). On the other hand, the 

energy per unit volume released by combustion of liquid hydrogen is about 1/3.4 times that 

released by gasoline.[4] Storing or transporting hydrogen under pressure requires additional 

energy, and converting stored hydrogen into electricity via fuel cells incurs a cost (with a loss 

of about 20-30%). Considering this, it can be concluded that the energy storage cycle based 

on hydrogen involves significant losses (about 50% of the initial electrical energy). For this 

reason, it is crucial to minimize critical steps, such as by planning for local production and 

use or within short distances, like small home hydrogen production reactors. [4,7] Public 

transportation, for example, with its fixed daily routes, would require fewer production and 

refuelling stations, making hydrogen-powered shuttles and buses ideal candidates for the 

purpose. The same argument can be extended to ships, heavy vehicles, and airplanes, 

which are unlikely to use batteries in the same way as our cars or scooters do. The future 

of hydrogen is extremely promising if we menage to overcome these technical issues that 

have so far limited its widespread adoption.[4]  
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1.1.5 AMMONIA AS HYDROGEN SOURCE 

Most recently, alongside hydrogen itself as potential candidate for storing excess energy 

produced by intermittent renewable sources, attention has also been turned to ammonia. 

Ammonia is an organic molecule composed of one nitrogen atom and three hydrogen atoms 

(NH3), which is already widely used commercially to produce industrial fertilizers. Ammonia, 

being an energy carrier as well, could potentially be an ideal candidate for the role because 

its dual nature. On one hand, it can be used as a fuel, like natural gas, through a combustion 

process, on the other hand and more conveniently, it can be used as a method of hydrogen 

storage, which, as previously discussed, requires high pressure or large volume. Ammonia 

can be conveniently liquefied at ambient temperature and pressure of 0.86 MPa, or at 

atmospheric pressure with a cooled-down temperature of -33.4ÁC and can therefore be 

transported in liquid form much more easily and safely. Moreover, NH3 with a volumetric 

energy density of 12.7 MJ L-1 highly outperforms liquid hydrogen (8.49 MJ L-1) and 

compressed gas (4.5 MJ L-1 at 69 MPa and 25ÁC).[9] Only once needed, in situ, ammonia 

can be exploited to release hydrogen through specific catalyst. Currently, interest in 

ammonia as a mean of hydrogen storage is still moderate but is expected to grow 

enormously in the upcoming years. [9,10]  

At this point, it is necessary to take a step back. It has been discussed the role of hydrogen 

and ammonia as ideals candidates for storing energy from renewable sources, but as 

previously highlighted, molecular hydrogen, when intended for energy purposes, is present 

on Earth in negligible amounts and ammonia as well. This means they must be produced.  

 

1.2  HYDROGEN PRODUCTION 

Green hydrogen refers to hydrogen produced through environmentally friendly processes 

that do not emit greenhouse gases, and it is considered a key component in the transition 

to a sustainable and decarbonized society. Several methods are currently being studied and 

optimized to produce hydrogen from water, each present its advantages and challenges to 

be overcome. [11,12] The most historically relevant is the electrolysis method. Electrolysis is a 

chemical process that uses electricity to drive non-spontaneous reaction. The discovery of 

this phenomenon dates to the early 19th century and it can be tied to the development of 

modern chemistry. [11,13] The process was first observed in 1800 by British scientists William 

Nicholson and Anthony Carlisle, who exploited the first chemical battery, a voltaic pile, to 
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split water into hydrogen and oxygen. This preliminary approach demonstrated the potential 

of using electricity to drive chemical reactions. Soon after, in 1807 Sir Humphry Davy 

deepened this work, using electrolysis to separate and study several elements. His 

pioneering experiments laid the groundwork for understanding the powerful role of electrical 

energy to isolate elements from their compounds. Later, in 1830s Michael Faraday solidified 

electrolysis as a fundamental process in both chemistry and industry by formulating the 

electrolysis low, that quantitatively described the existing relationship between the amount 

of substance produced at an electrode and the amount of electric charge passed through 

the electrolyte. These days, electrolysis is the most common and commercially viable 

method for producing green hydrogen. The process occurs in an electrolyser, where trought 

the use of electricity the water is splitted into hydrogen at the cathode and oxygen at the 

anode which are separated by an electrolyte. Several types of electrolysis system have been 

developed in these recent years; proton exchange membrane (PEM) based system for 

example use a solid polymer electrolyte to conduct protons from the anode to the cathode 

of the electrolyser. It operates at high efficiency, and it is largely applied for storage 

renewable energy sources like wind and solar. Alkaline electrolysis instead, utilizes a liquid 

alkaline electrolyte (typically potassium hydroxide), is a well-established technology and it 

is less expensive that PEM technology but has lower efficiency. Solid oxide electrolysis 

(SOE) system, the last electrolysis technology type, operates at high temperatures (around 

700-1000ÁC) and uses a solid ceramic electrolyte. SOE has the potential for very high 

efficiencies and can be integrated with high-temperature heat source, but it is still in the early 

stages of development. The three electrolyser described are outlined in fig.1.[14],[15]  
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Fig.1. Operational principles of alkaline, PEM (proton-exchange membrane) and solid oxide water 

electrolysis. The overall reaction is H2O Ÿ H2 + İ O2. Oxygen evolution occurs at the anode, 

hydrogen evolves at the cathode.[14]  

 

The second method of green hydrogen production in terms of exploitation is biomass 

gasification. Biomass gasification involves the conversion of organic materials, such as 

agricultural waste, wood chips, or dedicated energy crops, into hydrogen. This process 

consists in heating the biomass in the presence of a controlled amount of oxygen, producing 

a mixture of gases, including hydrogen, carbon monoxide, and carbon dioxide. Hydrogen 

can be separated from this mixture through a process called ówater-gas shift reactionô. 

Biomass gasification can be carbon-neutral or even carbon-negative if combined with 

carbon capture and storage (CCS). However, its widespread use is still limited due to 

challenges in feedstock collection, processing, and efficiency compared to electrolysis.[16][17] 

In figure 2 is reported a general scheme representing the biomass gasification process. 
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Fig. 2. Schematic representation of Biomass valorisation/gasification process towards green 

hydrogen production. Reprinted with permission from ref [17]. É 2022 Elsevier Ltd.  

 

Photocatalytic (PC) and Photoelectrocatalytic (PEC) water splitting for green hydrogen 

production are still low commercially exploited methods since are both in technological 

development. Photocatalysis involves the use of sunlight directly to drive the chemical 

reaction that splits water into hydrogen and oxygen, bypassing the need for electricity, 

imitating what happens in plats through the mechanism of photosynthesis.[18] The roots of 

photocatalysis can be traced back to the 19th century, when scientists first observed the 

effects of light on chemical reactions. One of the earliest notable discoveries occurred in 

1839, when Swiss physicist Alexandre Edmond Becquerel observed the "photovoltaic 

effect", which showed how light could induce electrical currents in certain materials. Though 

this was not directly related to catalysis, it set the stage for future research into light-driven 

chemical processes. The formal discovery of photocatalysis occurred in the mid-20th 

century. In 1938, the German scientist Gerhard Jahn and his colleagues demonstrated that 

titanium dioxide (TiO2) could act as a catalyst in photochemical reactions. However, the 

concept of photocatalysis did not fully take off until decades later when the key discovery 

was made in the early 1970s. In 1972, Akira Fujishima and Kenichi Honda published a 

landmark paper demonstrating the "Honda-Fujishima effect." They discovered that titanium 

dioxide could split water into hydrogen and oxygen under ultraviolet light, a reaction now 

known as photoelectrochemical water splitting. This groundbreaking discovery highlighted 

the potential of photocatalysis for hydrogen production, a clean energy source, and 

catalysed significant interest in the field of solar energy conversion.[19] The photocatalytic 

water splitting process involves semiconductors materials, preferably nanostructured, that 
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absorb sunlight and initiate on its surface the water reduction and oxidation reaction, being 

the photocatalyst thinly dispersed in the aqueous medium. Photocatalysis offers the 

potential for direct hydrogen evolution with low energy input and costs, making it a highly 

attractive option for future green hydrogen production. The method currently suffers from 

low efficiency and the need for more durable and efficient photocatalysts. Research is 

ongoing to develop materials that can enhance the process and make it viable for large-

scale use.[18,20] PEC water splitting involves a more complex system compared to the PC, 

demanding a photoelectrocatalytic cell, where the semiconductor materials are deposited 

onto electrodes and immersed in water media, once the circuit cell is closed the recorded 

photocathodic current corresponds to the amount of hydrogen produced. In figure 3 is 

reported the general scheme and the configuration of the two systems, (a) outlines a tandem 

photoelectrochemical cell and (b) a photocatalytic system in suspension set up. The 

technology is still in the experimental stage, with challenges including the stability of 

materials, the need for efficient and cost-effective semiconductors, and scaling up for large-

scale production.[21]   

 

Fig. 3. (a) Proposed mechanism of solar hydrogen production by tandem (both cathode and anode 

are photoactive) photoelectrochemical devices (PEC); (b) solar hydrogen production by 

photocatalytic devices (PC). 

 

Thermochemical or thermal water splitting is the less exploited hydrogen production method, 

still being in a young experimental phase. It is a promising technology for sustainable 

hydrogen production by breaking down water (H2O) into its components, hydrogen (H2) and 
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oxygen (O2), using high-temperature heat. This process is typically driven by concentrated 

solar energy, nuclear energy, or other heat sources, making it a potential key player in future 

clean energy systems, as reported in the schematic illustration in fig 4.[22] The concept of 

thermal water splitting leverages heat to overcome the energy barrier required to break the 

water molecules and it differs from traditional electrolysis, which uses electricity to run the 

reaction of splitting of water. Instead, here thermochemical cycles are used, where water 

undergoes multiple chemical reactions involving intermediary compounds.  

 

Fig. 4 Thermochemical water-splitting reactor set-up for H2 generation.[22] Reprinted with permission 

from ref [21]. Copyright É 2011 Hydrogen Energy Publications, LLC. Published by Elsevier Ltd.  

Concentrated solar power (CSP) or nuclear reactors are often considered as potential heat 

sources for thermochemical cycles. The main challenges include the need for very high 

temperatures (often above 800ÁC), the development of stable and efficient materials that 

can withstand these conditions, and the complexity of the chemical cycles involved. While 

thermochemical water splitting has high theoretical efficiency, it remains in the experimental 

stage, and significant challenges must be overcome before it can be deployed at a 

commercial scale. [22ï24] 
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2. PHOTOCATALYTIC HYDROGEN AND AMMONIA EVOLUTION 

The focus of the present work has been channelled towards the exploitation of 

Photocatalytic and Photoelectrocatalytic water media splitting methods for green hydrogen 

production and Photocatalytic nitrogen fixation towards green ammonia production as 

hydrogen precursor. As already mentioned, photocatalytic water splitting is fundamentally 

an artificial photosynthesis process in which a photocatalyst absorbs sunlight and initiates a 

series of reactions that ultimately produce hydrogen and oxygen from water, outlined in 

figure 5.[25] 

 

 

 

Fig.5. Conversion of solar energy: natural leaf and mimicking photosynthesis in artificial system via 

photocatalysis.[25] Reprinted with permission from ref [24]. É 2020 Elsevier B.V.  

 

The ability to harness solar energy through photocatalysis offers the potential for producing 

renewable hydrogen on a large scale, with water as the sole feedstock and sunlight as the 

energy input. Despite the significant potential of photocatalytic water splitting, there are 

numerous challenges that must be addressed to improve its overall efficiency and scalability. 

Key obstacles include the development of highly efficient photocatalysts capable of utilizing 

the full spectrum of sunlight, particularly the visible range, minimizing charge recombination 

rate, and optimizing reaction conditions to facilitate large-scale hydrogen production. 

Researchers are exploring a variety of materials, including metal oxides, sulphides, and 

nitrides, as well as co-catalysts and nanostructures, to enhance the photocatalytic 

performance. [18,26] At the same time, as we already mentioned above, parallelly to the 

photocatalytic water splitting process for hydrogen production, photocatalytic nitrogen 
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fixation for ammonia production is gaining attention as practical alternative more convenient 

way to hydrogen storage. Photocatalytic nitrogen fixation process utilizes nitrogen and water 

as reagents, with sunlight as the energy source, to produce ammonia, and thus can be 

considered both an environmentally friendly and energy-saving process. The photocatalytic 

mechanism starts when N2 is chemisorbed on the photocatalyst surface, and it is activated. 

Then the semiconductor is excited by solar light irradiation, resulting in the formation of 

photogenerated electrons and holes that move, respectively, to the conduction band (CB) 

and the valence band (VB). Finally, after migrating to the surface of the catalyst, the 

photogenerated electrons reduce N2 to NH3, while the holes oxidize H2O to O2, see figure 6 

for the simplified mechanism diagram.[27] 

 

 

Fig.6 A simple diagram of photocatalytic nitrogen fixation.[27]  
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The semiconductorôs band gap should be narrow enough to utilize a broader range of the 

solar spectrum, while large enough to have CB energy level more negative than N2 reduction 

potential and VB energy level more positive than water oxidation potential to allow both the 

nitrogen reduction reaction (NRR) and the oxygen evolution reaction (OER). The 

photocatalyst should also be, ideally, highly selective toward the ammonia synthesis, 

because, in protic solvents, the hydrogen evolution reaction (HER) is likely to compete with 

the NRR: this happens because HER requires fewer electrons.[27] In this thesis, we will 

explore the advancements in photocatalytic materials and processes for efficient hydrogen 

and ammonia production from aqueous media. Here, the focus will be on understanding the 

underlying mechanisms governing photocatalytic activity, optimizing material properties, and 

addressing the main interest into the fundamental research related to the exploration of 

novel materials and composites slightly exploited before. By advancing our understanding 

of photocatalytic water splitting and photocatalytic nitrogen fixation, this research aims to 

contribute to the development of clean, renewable hydrogen energy solutions. 

 

2.1 PHOTOCATALYSTS FOR HYDROGEN AND AMMONIA EVOLUTION   

The choice of semiconductor material is crucial in determining the efficiency and feasibility 

of hydrogen and ammonia evolution reaction, as it directly influences the absorption of light, 

charge separation, and surface catalytic reactions. Over the past few decades, significant 

progress has been made in the development and optimization of photocatalytic 

semiconductor materials, and still several challenges remain. This section discusses the 

current state of the art in semiconductor materials for hydrogen and ammonia evolution, 

focusing on their properties, limitations, and recent advancements.[15,26,27] Titanium dioxide 

(TiO2) is one of the most extensively studied and widely used photocatalysts for water 

splitting for green hydrogen evolution due to its chemical stability, low cost, non-toxicity, and 

abundance.[28] Thanks to the fame gained in the water splitting field, TiO2 is been recently 

extensively studied also as semiconductor-base for composites photocatalysts for N2 

fixation.[29ï32] TiO2 operates as an effective photocatalyst under ultraviolet (UV) light, where 

it absorbs photons and generates electro-hole pairs. However, its wide bandgap ( ╔ 3.2 eV) 

limits its activity to only a small portion of the solar spectrum (UV light accounts for only  ╔ 4% 

of sunlight), which severely restricts its efficiency in hydrogen production under visible light 

conditions. To overcome this limitation, various strategies have been explored to extend the 

light absorption of TiO2 into the visible region. These strategies include doping with metals 
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(e.g., Pt, Au) and non-metals (e.g., nitrogen, carbon, sulphur), coupling with narrower-

bandgap semiconductors, and forming TiO2-based heterojunctions. Despite these 

modifications, achieving high hydrogen evolution efficiency under visible light remains a 

challenge, making TiO2 suitable primarily for UV-driven applications. [26,28] Recent 

advancements have also explored semiconductor alloys and nanomaterials, such as GaN-

ZnO and ZnS-CdS, to optimize the bandgap for visible-light absorption and reduce charge 

carrier recombination through engineered heterostructures. These nanostructured 

materials, combined with surface co-catalyst, have demonstrated enhanced efficiency in 

photocatalytic hydrogen and production, paving the way for future breakthroughs in this field. 

[18,20] Among these materials, cadmium sulphide (CdS) has shown potential photocatalytic 

performances due to its narrow bandgap (~2.4 eV), which allows it to absorb visible light 

more effectively than TiO2. Under visible light irradiation, CdS can efficiently generate 

electron-hole pairs and participate in water splitting reaction. However, the use of CdS is 

hindered by its susceptibility to photo-corrosion and toxicity, which raises environmental 

concerns and limits its practical applications.[33] To address the stability issues of CdS, 

researchers have focused on the development of composite materials, coupling CdS with 

more stable semiconductors or co-catalysts such as noble metals (e.g., Pt, Au) or metal 

oxides (e.g., TiO2, ZnO). These hybrid systems can enhance the stability of CdS and 

improve all the photocatalytic characteristics to higher hydrogen evolution rates. Despite 

these improvements, the toxicity of cadmium remains a significant barrier to its large-scale 

application in photocatalysis. [33,34] Also, bismuth vanadate (BiVO4) has gained attention as 

a visible-light-responsive photocatalyst due to its relatively narrow bandgap (~2.4 eV), which 

enables it to absorb a substantial portion of the solar spectrum. BiVO4 shows good stability 

in water splitting, especially for the oxygen evolution reaction (OER), but its performance in 

hydrogen evolution is limited by poor charge carrier mobility and short charge diffusion 

lengths.[35] Recent efforts to enhance the hydrogen evolution efficiency of BiVO4 include 

doping with metals (e.g., W, Mo) to improve charge carrier separation, as well as forming 

heterojunctions with other semiconductors, such as TiO2, WO3, or g-C3N4. These 

modifications have led to enhanced photocatalytic activity and better stability under visible 

light, although the hydrogen evolution efficiency still requires further optimization.[36] Among 

the organic photocatalyst, graphitic carbon nitride (g-C3N4) is the non-metallic polymeric 

semiconductor that has attracted the main interest due to its visible light activity, chemical 

stability, and earth-abundant nature.[37] With a bandgap of approximately 2.7 eV, g-C3N4 can 

absorb visible light and generate electron-hole pairs for hydrogen production. Its layered 
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structure also provides a high surface area for reactions, making it an attractive candidate 

for photocatalytic water splitting. [37,38] Moreover, g-C3N4 is characterized by the presence of 

a high density of nitrogen vacancies, VN, that are well known to be the most suitable active 

sites for N2 fixation for NH3 production, together with oxygen and sulphur vacancies. Tuning 

the density of these vacancies through several synthetic approaches led g-C3N4-based 

materials to the top of the best performative photocatalyst for green NH3 production. [39,40] 

However, the photocatalytic efficiency of g-C3N4 is limited by rapid recombination of charge 

carriers and poor charge transfer kinetics. To overcome these challenges, several strategies 

have been employed, including surface modification, heterojunction formation with other 

semiconductors (e.g., TiO2, ZnO), and doping with metals or non-metals. [38,41,42] These 

approaches have led to significant improvements in both hydrogen and ammonia evolution 

efficiency, although further work is needed to achieve practical levels of performance.  

Interesting and innovative perovskite materials, with the general formula ABX3, have already 

largely emerged as highly promising candidates for solar energy applications in photovoltaic 

systems, and recently also for hydrogen production through water splitting.[43] Their tunable 

bandgap, excellent light absorption properties, and efficient charge transport characteristics 

make them highly versatile for several photocatalytic applications. Perovskites can 

effectively split water into hydrogen and oxygen, degrade pollutants, participate in CO2 

reduction reactions, and recently showed also interesting and unprecedented active role in 

nitrogen fixation, making them promising materials for energy conversion and environmental 

remediation. [44ï47] Their versatility, along with their ease of fabrication, makes them an 

exciting focus for research in the field of sustainable energy technologies. Among the various 

perovskites studied, lead-based halide perovskites (e.g., CH3NH3PbI3) have demonstrated 

impressive hydrogen production capabilities under visible light.[48] Despite their high 

efficiency, the practical application of perovskite photocatalysts is challenged by their 

instability in aqueous environments and the toxicity (especially with lead-based perovskites) 

need to be addressed for practical applications. Researchers are actively exploring new 

perovskite compositions and surface passivation techniques to improve stability and reduce 

environmental concerns. Alternatives, such as lead-free perovskites (e.g., tin-based 

perovskites), are also being investigated, although they typically exhibit lower efficiencies 

than their lead-based counterparts.[49,50] Metal organic frameworks (MOFs) are another 

class of materials recently exploited for hydrogen production that combine organic ligands 

with metal ions to form porous structures with high surface areas.[51] MOFs have shown 

promise as photocatalysts due to their tunable electronic properties, large surface areas for 
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catalysis, and ability to incorporate various catalytic sites. Some MOFs have demonstrated 

visible light activity for hydrogen production, particularly when coupled with metal 

nanoparticles or semiconductor materials. While MOFs are still in the early stages of 

development as photocatalysts for hydrogen evolution, their modular structure and 

versatility offer significant potential for future advancements. Researchers are working to 

improve the charge transport properties of MOFs and develop more stable and efficient 

MOF-based photocatalytic systems. [51,52] Organic semiconductors (OSs) are the most 

recent class of photocatalysts that researcher approached for photocatalytic hydrogen 

production applications. The OSs materials class are extremely famous thanks to the 

organic solar cells systems, a specific class of solar cell, that exploits a variety of organic 

semiconductors, both molecules and polymer, as photoactive material in alternative to the 

classic inorganic ones. Indeed, in recent years, OSs have received increasing attention in 

the field of photoelectrocatalysis first and photocatalysis in suspension set up then, thanks 

to the favourable interaction of OSs with liquid electrolytes compared to inorganic 

semiconductors. OSs materials showed remarkable results in terms of H2 production rate 

when exploited in heterojunction nanoparticles, and as widely demonstrated for 

photocatalytic application, also for photoelectrodes in PEC the most suitable and 

performative architecture is the exploitation of electron donor/acceptor organic materials in 

bulk (BHJ) or layered heterojunction (LHJ). The main difference between BHJ and LHJ lies 

in the physic contact between the two semiconductor that allows a more effective electron 

transfer from the electron donor/acceptor and increase the photocatalytic performances 

when the two photoactive materials are mixed in the bulk phase, proving that this 

configuration is more efficient most of the time for both PEC and PC hydrogen production. 

[53ï56] 

 

2.2 STRATEGIES TO IMPROVE PHOTOCATALYTIC PERFORMANCE 

The heterojunction system realization between two or more semiconductors has emerged 

as powerful and important approach to enhance photocatalytic performance. As we already 

explained, photocatalysis is often limited by the intrinsic properties of a single 

semiconductor.[57] By combining two or more semiconductors, with staggered energy levels, 

is possible to form heterojunction phase, which can improve charge separation, reduce 

recombination rates of electron-hole pairs, expand the light absorption range, and tuning the 

redox properties ultimately boosting the efficiency of photocatalytic systems.[57,58] The 
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development of heterojunction systems is primarily driven by the inherent limitations of 

single semiconductor photocatalysts. Historically, photocatalysis research has been 

dominated by materials like titanium dioxide (TiO2) due to its stability, low cost, and non-

toxicity. However, TiO2 as we already know has a wide bandgap (~3.2 eV), meaning it can 

only absorb UV light, which comprises about 4-5% of the solar spectrum. This severely limits 

its efficiency in utilizing sunlight for photocatalysis. [58,59] In addition to the restricted light 

absorption, single semiconductors tend to suffer from rapid charge carrier recombination 

where the photogenerated electron-hole pairs often recombine before participating in redox 

reactions, reducing the overall photocatalytic efficiency. The limited redox potential is 

another important obstacle since some reactions, such as water splitting for hydrogen 

production, N2 photofixation or CO2 reduction, require specific redox potentials that single 

semiconductors cannot achieve due to their fixed energy band positions.[26,57,58] In the light 

of this, by combining semiconductors with different bandgaps, heterojunctions can utilize a 

broader spectrum of sunlight, including visible light. Moreover, the staggered energy levels 

in heterojunctions facilitate the separation of photogenerated electron-hole pairs, reducing 

recombination and increasing their lifetime. Different materials in a heterojunction can be 

chosen to achieve desired redox potentials, enabling efficient participation in target 

photocatalytic reactions. [57,58] Under the theoretical framework, heterojunctions are formed 

when two semiconductors with different electronic properties are brought into contact. The 

key concept regarding heterojunction systems is the alignment of their energy bands, the 

conduction and the valence bands. This alignment dictates how photogenerated charge 

carriers, electrons and holes, will behave at the interface, which is crucial for enhancing 

photocatalytic efficiency. The alignment of energy bands between two semiconductors is 

characterized by their conduction band minima (CBM) and valence band maxima (VBM). 

[57,60] Depending on the relative positions of these bands, heterojunctions are categorized 

into four main types: Type I (Straddling Gap), where both the conduction and valence bands 

of one semiconductor are enclosed by the energy gap of the other semiconductor. This 

promotes the transfer of both electrons and holes into the same semiconductor, resulting in 

an efficient charge carrier confinement. The well-aligned energy levels promote efficient 

charge transfer, leading to improved photocatalytic activity. These junctions are often used 

when the goal is to confine charge carriers in one material to maximize their interaction with 

reactants. However, despite better charge separation, Type I junctions may lead to 

recombination issues unless well-engineered. In the Type II (Staggered Gap) the conduction 

band of one semiconductor is lower than the other, and the valence band is higher. This 
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facilitates spatial separation of electrons and holes, electrons are transferred to one 

semiconductor, and holes to the other. The spatial separation of charge carriers significantly 

reduces recombination rates, leading to longer carrier lifetimes and enhanced photocatalytic 

performance. This type is particularly effective for reactions that require extended electron-

hole separation, such as water splitting for hydrogen evolution, N2 fixation for ammonia 

production or CO2 reduction to CH4. This configuration is highly effective in reducing 

recombination and extending the lifetime of charge carriers, making it ideal for enhanced 

photocatalysis. While charge separation is improved, this configuration may reduce the 

redox potential of the system, potentially limiting its ability to drive highly energetic reactions. 

In the Type III (Broken Gap) the conduction band of one semiconductor is higher than the 

valence band of the other, creating a large potential difference. This strong driving force for 

charge separation can further enhance the efficiency of photocatalysis by preventing 

recombination. The large potential difference can further enhance charge separation and 

prevent recombination, making it ideal for reactions requiring strong redox potential. This 

extreme separation may reduce the ability to drive certain reactions and make the design of 

such systems complex due to the need for well-matched band edges. The p-n heterojunction 

has gained great interest during these lasts years thanks to their fundamental role in the 

operation of diodes and transistors, building blocks of modern electronics. This type of 

systems is formed by the junction of a p-type, hole-dominated, and n-type, electron-

dominated semiconductor, where the p-n heterojunctions create an internal electric field at 

the interface, which aids in the separation of electron-hole pairs. The built-in electric field 

naturally drives the separation of charge carriers, reducing recombination and enhancing 

the overall photocatalytic efficiency. The potential mismatch between the two 

semiconductors can sometimes limit charge mobility, and the redox potential may not be 

optimal for specific reactions. [58,60] The last heterojunction studied scheme is the Z-Scheme 

configuration. It is inspired by natural photosynthesis and involves charge transfer across 

two semiconductors where electrons move from the conduction band of one and recombine 

themselves with holes in the valence band of the other semiconductor. The remaining high-

energy electrons and holes contribute to redox reactions, retaining strong redox potentials. 

This design retains high redox potentials while improving charge separation, leading to 

superior photocatalytic activity for processes like again, water splitting, N2 photofixation and 

CO2 reduction. The complex mechanism of charge transfer can be difficult to optimize, and 

Z-scheme systems typically require careful material selection and design to minimize 
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recombination and maximize efficiency.[61] The discussed heterojunctions schemes are 

outlined in figure 7.[60]  

 

 

 

 

 

Fig. 7 Diagrams of Type-I (a); Type-II (b); Type-III (c), pïn heterojunction (d), Z-scheme (e) 

heterojunction. 1, 2, p, and n refer to semiconductor 1, semiconductor 2, p-semiconductor, and n-

semiconductor, respectively.[59] Reprinted with permission from [58].  

 

In this perspective, the primary advantage of heterojunctions is the enhancement of 

electron-hole separation, which is critical for effective photocatalysis. By spatially separating 
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charge carriers across different materials, the recombination rate is reduced, allowing for 

longer carrier lifetimes and more efficient participation in redox reactions. Combining 

semiconductors with different bandgaps can extend the range of light absorption, allowing 

for the utilization of a broader portion of the solar spectrum and this is particularly beneficial 

in harvesting visible light, which makes up a large portion of sunlight. Moreover, by carefully 

selecting materials, heterojunction systems can be designed to provide the desired redox 

potentials, which are essential for driving specific photocatalytic reactions. [57,58] However, 

designing heterojunctions requires precise matching of bandgaps, work functions, and 

electron affinities of the semiconductors involved. Improper material combinations can lead 

to poor charge transfer efficiency or misalignment of energy levels, which diminishes 

performance. At the heterojunction interface, defects or mismatches can act as charge 

carrier traps, which may increase recombination rates or reduce mobility, negatively 

impacting photocatalytic activity. Some heterojunctions require advanced fabrication 

techniques to create clean, defect-free interfaces and this can increase the cost and 

complexity of manufacturing, limiting their scalability for large-scale applications. Future 

advancements in material science and nanotechnology will likely play a key role in 

overcoming these hurdles, allowing heterojunction systems to realize their full potential in 

applications such as water splitting, green ammonia production, pollutant degradation, and 

CO2 reduction.[58,60] At the same time, strategies beyond heterojunction formation between 

multiple semiconductors have been explored to improve the photocatalytic performance of 

materials.[26,62] Incorporating metal cocatalysts like platinum (Pt), ruthenium (Ru), or nickel 

(Ni) onto the semiconductor surface improves the photocatalytic performance by facilitating 

charge separation and lowering the activation energy for the targeted reactions.[62,63] This 

method is the largest widespread and effective since most of the famous photocatalyst 

exploited nowadays outperform in presence of Pt as cocatalyst.[65] These metal cocatalysts 

are particularly useful in reactions like water splitting, where they promote efficient hydrogen 

or oxygen evolution because the metal presence reduces overpotentials and accelerate 

redox reactions, boosting overall reaction rate.[64,66] Another important and largely exploited 

method is the defects creation such as oxygen, nitrogen, and sulphur vacancies or surface 

defects. These vacancies can tune the electronic structure of semiconductors and introduce 

mid-gap states that facilitate visible light absorption and increase the number of active sites 

for catalytic reactions, extremely important in reaction like N2 or CO2 fixation where the 

vacancy plays the active role for the adsorption of N2 and CO2 molecules and the 

consequent reduction to NH3 and CH4, respectively. [40] These defects act as electron traps, 
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reducing recombination and prolonging the lifetime of charge carriers. Moreover, vacancies 

and defects can enhance charge separation and prolong charge carrier lifetime, increasing 

catalytic activity. [62,67] A further exploited approach is the introduction of dopants into the 

semiconductor's crystal lattice that alters the electronic structure, potentially narrowing the 

bandgap and shifting the absorption spectrum into the visible light region. Metal ions such 

as Fe3+, Co2+, or Ag+, and non-metals like N, C, or S, can be used.[68] Metal ion doping often 

introduces shallow impurity levels, reducing electron-hole recombination, while non-metal 

doping can enhance visible light absorption. The metal ion doping strategy facilitates charge 

separation and increases surface activity for redox reactions, while, the non-metal doping 

alters the electronic structure and optical properties, allowing the use of visible light.[69] Also, 

embedding noble metals like gold (Au), silver (Ag), or copper (Cu) into semiconductors can 

enhance photocatalytic efficiency through localized surface plasmon resonance (SPR).[70,71] 

These plasmonic metals can absorb visible light and generate hot electrons, which transfer 

to the semiconductor, enhancing photocatalytic activity in the visible light spectrum. 

Plasmonic nanoparticles act as sensitizers and electron reservoirs, improving light 

absorption and reducing electron-hole recombination.[72] The design and control of 

semiconductor morphology at the nanoscale, such as nanoparticles, nanorods, nanowires, 

and nanosheets, can significantly impact surface area, active sites, and light absorption and 

for these reasons is another largely used approach to increase the photocatalytic 

performances.[73] High surface area nanostructures provide more active sites for reactions, 

while tailored geometries can enhance light scattering and absorption.[74] Nanorods, 

nanotubes, or nanosheets are respectively 1D and 2D structures and promote directional 

charge transfer and increase active surface areas. At the same time, the hierarchical 

structures improve light harvesting by enhancing photon capture and scattering within the 

material.[75] From the photovoltaic materials field, dye sensitization is becoming an 

interesting approach also for photocatalytic systems to improve the photocatalytic efficiency. 

It involves coating semiconductor surfaces with organic dyes, such as porphyrins or 

ruthenium complexes, that absorb visible light and transfer photo-excited electrons to the 

semiconductor. [56,76] This method effectively extends the light absorption range and 

increases the photocatalytic performance under visible light. The dye molecules expand the 

light adsorption spectrum, enhancing activity under lower energy photons, visible light.[76] 

Dye sensitization has been largely studied in photovoltaic cells but remains mainly 

unexplored for photocatalytic process like water splitting or CO2 reduction.[54] Another largely 

exploited approach is the incorporation of graphene or other carbon-based materials (e.g., 
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carbon nanotubes or fullerenes) into photocatalytic systems to enhance performance due to 

their excellent electrical conductivity, large surface area, and ability to act as electron 

conductors. These materials improve charge carrier mobility and reduce recombination 

rates. Graphene-based composites facilitate rapid electron transport and increase the 

lifetime of photogenerated carriers.[78] Also applying an external electric field or utilizing 

ferroelectric materials can enhance the separation of photogenerated charge carriers by 

inducing polarization.[79] This effect reduces electron-hole recombination and increases the 

efficiency of photocatalytic reactions. The application of an electric field promotes charge 

separation and prolongs the lifetime of charge carries, improving photocatalytic efficiency.[80] 

Finally, altering the pH of the reaction environment or functionalizing the surface of 

photocatalysts with specific chemical groups can further enhance adsorption of reactants 

and optimize catalytic activity. Tailoring surface properties improves the interaction between 

the photocatalyst and reactants, leading to higher reaction rates, since surface 

functionalization increases catalytic activity by optimizing the adsorption of target 

molecules.[81] In conclusion, it is possible to affirm that enhancing photocatalytic 

performances requires a multifaceted approach that includes modifying the electronic 

structure, improving light absorption, and optimizing charge separation. Techniques like 

doping, nanostructuring, plasmonic enhancement, cocatalyst loading, and defect 

engineering are complementary strategies that, when combined, can result in significant 

improvements in photocatalytic activity beyond simple heterojunction formation. 

 

3. PEROVSKITE-BASED MATERIALS FOR PHOTOCATALYTIC PURPOSE  

Perovskite materials are named after the Russian mineralogist Lev Perovski by Gustav Rose 

who first discovered the natural mineral calcium titanate, CaTiO3, in 1839.[82] This mineral 

opened the research for a broader class of materials with the same crystal structure, referred 

to as the "perovskite structure." The general formula for perovskites is ABXϝ, where A is a 

larger cation typically an alkaline-earth or rare-earth metal, B is a smaller cation often a 

transition metal, X is an anion, usually oxygen in oxide perovskites or a halide in halide 

perovskites.[83] Oxide perovskites first and halide then have been extensively studied due to 

their wide variety of properties, including ferroelectricity, superconductivity, magnetism, and 

optoelectronic properties. Their unique crystal structure allows for diverse combinations of 

elements, resulting in tunable electronic, optical, and catalytic properties. These features 

make perovskites highly promising candidates for various energy applications, including 
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photocatalytic water splitting.[83] The first significant application of perovskite materials came 

in the 1950s in the field of ceramics and capacitors. Barium titanate (BaTiOϝ), a type of oxide 

perovskite, was used as a dielectric material in capacitors due to its ferroelectric 

properties.[84] This application leveraged the high permittivity and tuneable dielectric 

constant of perovskites, making them ideal for electrical components. The use of perovskites 

in optoelectronics took off in 2009, when researchers, led by Tsutomu Miyasaka, used 

methylammonium lead iodide (CH3NH3PbI3) as a light-harvesting material in a dye-

sensitized solar cell (DSSC).[85] This marked the first use of metal halide perovskites in 

photovoltaics, achieving a modest power conversion efficiency (PCE) of 3.8%. Despite the 

initial performance, this study triggered widespread interest due to the material's potential 

for high efficiency and ease of fabrication.[85] Subsequent developments rapidly improved 

the efficiency of perovskite solar cells, with PCEs surpassing 25% by the early 2020s, 

making perovskites a major focus in next-generation solar energy technologies. This period 

also saw exploration of perovskites in light-emitting diodes (LEDs), photodetectors, and 

lasers, due to their excellent optoelectronic properties. Meanwhile, the first successful 

application of oxide perovskites for photocatalytic water splitting dates to 1980s, when 

Japanese scientist Aitom, H. et al. demonstrated the use of strontium titanate SrTiO3, as a 

photocatalyst. This pioneering work revealed that SrTiO3 could catalyse the overall water-

splitting reaction under ultraviolet (UV) light irradiation. Although the reaction was limited to 

UV light, which makes up only a small portion of the solar spectrum, this discovery opened 

new avenues in the development of oxide-based photocatalysts for hydrogen production.[86] 

Since the initial discovery, significant progress has been made in improving the efficiency, 

stability, and light absorption capabilities of oxide perovskites for photocatalytic water 

splitting.[87] Key milestones include the bandgap engineering since early oxide perovskites, 

such as SrTiOϝ, suffered from wide bandgaps, typically above 3.0 eV, meaning they could 

only utilize UV light.[88] In the 1990s and early 2000s, researchers began exploring methods 

to tune the bandgap of perovskites to absorb visible light (which constitutes over 40% of 

sunlight). Doping strategies, such as substituting cations at the A or B site (e.g., substituting 

Sr2 + with La3+ or Ti4+ with Fe3+), were employed to narrow the bandgap and shift light 

absorption towards the visible spectrum. Researchers discovered that introducing 

lanthanum (La) into SrTiO3 could narrow its bandgap and improve its activity under visible 

light. This approach marked a crucial development in making perovskites more practical for 

solar-driven water splitting. To overcome charge recombination, a major issue in 

photocatalysis as we already discussed, researchers developed heterostructured 
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photocatalysts by combining oxide perovskites with other materials like metal oxides or co-

catalysts such as Pt, NiO, or RuO2.[89] These heterostructures improved charge separation 

and transfer, leading to enhanced photocatalytic performance. In recent years, considerable 

progress has been made in developing oxide perovskites that are active under visible light. 

Transition metal-based perovskites, such as BaFeO3, LaFeO3, and BiFeO3, have emerged 

as promising candidates due to their smaller bandgaps (~2.0-2.5 eV), enabling them to 

absorb a broader spectrum of sunlight.[88] These materials are now being extensively studied 

for their potential to improve overall solar-to-hydrogen conversion efficiencies. Surface 

modification techniques have also been employed to enhance the photocatalytic efficiency 

of oxide perovskites. Depositing co-catalysts such as Pt, Ru, or Ni on the surface of 

perovskites can dramatically increase hydrogen evolution rates by providing active sites for 

the hydrogen evolution reaction (HER). Moreover, surface passivation techniques, such as 

coating oxide perovskites with protective layers, have improved their stability in aqueous 

environments, addressing the degradation issues faced by many perovskite 

photocatalysts.[87] Today, oxide perovskites are recognized as one of the most promising 

material classes for photocatalytic water splitting due to their stability, tunability, and 

relatively low cost and while oxide perovskites such as SrTiO3 remain widely studied, there 

is growing interest in environmentally friendly critical raw materials-free perovskites for 

photocatalytic water splitting. Materials like CaTiO3, LaFeO3, and BiFeO3 are being explored 

as sustainable alternatives with improved stability and efficiency.[87] Advances in 

nanotechnology have enabled the development of nanostructured oxide perovskites with 

enhanced surface areas and active sites. Nanostructured SrTiO3, for instance, has 

demonstrated improved light absorption and charge separation, leading to higher hydrogen 

evolution rates. The use of single-crystal perovskites has shown potential for minimizing 

defects and grain boundaries, which are major contributors to charge recombination. Single-

crystal perovskites offer improved charge carrier mobility and longer carrier lifetimes, making 

them more efficient for photocatalytic applications. [87,88] There is also increasing interest in 

bifunctional perovskite-based materials that can perform both hydrogen evolution reaction 

(HER) and oxygen evolution reaction (OER) efficiently. These materials offer the possibility 

of a single photocatalyst for overall water splitting, rather than relying on separate catalysts 

for each half-reaction.[79,88] As research into oxide perovskites for photocatalytic water 

splitting progresses, several key challenges remain to be addressed, and although oxide 

perovskites are generally more stable than their halide counterparts, long-term stability in 

aqueous environments, especially under continuous sunlight, is still an issue. Developing 
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protective coatings and optimizing material compositions to resist photo-corrosion is a 

priority. To transition from laboratory-scale research to real-world applications, scaling up 

the synthesis of perovskite photocatalysts and optimizing their fabrication for large-scale 

water splitting systems will be crucial. While significant progress has been made in 

improving the solar-to-hydrogen conversion efficiency of oxide perovskites, the efficiency 

levels are still far from commercial viability. Further advances in bandgap engineering, co-

catalyst integration, and heterostructure design are needed to maximize efficiency.[87] Since 

their first application in photocatalytic water splitting in 1977, oxide perovskites have evolved 

significantly, demonstrating great promise as photocatalysts for hydrogen production. 

Continued innovation in material composition, nanostructuring, and surface modification 

holds the potential to further improve their efficiency and stability. With ongoing research 

efforts, oxide perovskites could play a pivotal role in the development of sustainable, solar-

driven hydrogen production technologies in the near future. 

 

3.1 METAL HALIDE PEROVSKITE (MHPs) FOR PHOTOCATALYTIC HYDROGEN 

EVOLUTION 

Metal halide perovskites (MHPs) have revolutionized emerging photovoltaic (PV) 

technologies, quickly becoming one of the strongest competitors to silicon and garnering 

immense attention due to their unique optoelectronic properties.[90] Additionally, the tunability 

of their electronic band structure, as anticipated, places MHPs in favourable positions for 

photocatalytic reactions, such as hydrogen generation, nitrogen fixation, carbon dioxide 

reduction, and the degradation of organic dyes under visible light irradiation.[43] However, 

these photocatalytic processes often require water or other polar solvents, which presents 

a challenge for this class of materials applications. It is well known that MHPs are highly 

unstable when exposed to moisture or water, making these photocatalytic processes 

incompatible with most known MHP materials. [44,91] Despite these limitations, several 

strategies have been developed to overcome this issue, with three main approaches proving 

particularly successful results. The first approach (Figure 8a) involves encapsulating the 

active perovskite layer with barriers that prevent water exposure while allowing carrier 

flow.[44] Fieldôs metals and carbon derivatives have been effectively used for this purpose, 

enabling MHPs to be included in complete photoelectrochemical (PEC) cells for the first 

time. Thus far, only lead-based (Pb-based) perovskites have been used in these devices, 

although no intrinsic obstacles prevent the use of lead-free MHPs in such systems. The 
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second strategy, first used in 2016, involves leveraging dynamic equilibria between 

perovskite precursors and perovskite powders dispersed in solution (Figure 8b).[48] To 

support the continuous formation of suitable perovskite crystalline phases, high 

concentrations of hydrohalic acids (such as HI or HBr) are needed in the solution. The 

dissociation of these acids increases halogen concentration, shifting the solubilization 

equilibrium toward MHP formation. Additionally, hydrohalic acids can provide reagents for 

hydrogen formation in a mechanism where halide ions act as hole scavengers. The third 

approach involves the use of water-stable MHPs (Figure 8c).[44] 

 

 

 

Fig 8. Solar-driven perovskite-based H2 production systems: (a) photoelectrochemical (PEC) cell; 

(b) particulate photocatalyst system in dynamic equilibrium; (c) particulate water-stable photocatalyst 

system. (d) Schematic representation of the processes on the perovskite photocatalyst surface under 

irradiation and possible reactions involved in the different systems (Equations (1)-(5)).[44] 
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The recent development of these materials has led to the first successful use of MHPs 

directly in water for solar-driven hydrogen evolution. [92ï94] However, the use of MHPs in 

aqueous solutions raises concerns about the presence of lead (Pb) in the most efficient 

materials. Lead atoms in the perovskite structure, particularly due to their outermost 6sĮ 

electronic configuration, play a critical role in the materialôs superior optoelectronic 

properties, especially those related to charge dynamics. At the same time, the use of lead 

in material production poses serious environmental and health risks, as lead is a toxic metal 

that accumulates in vital organs of humans and animals, entering the body through air, 

water, and food. Lead exposure can cause cumulative poisoning effects, including 

hematological damage, anemia, kidney dysfunction, and brain damage. Chronic exposure 

can result in severe damage to the kidneys, liver, lungs, and spleen.[95] This concern is 

already a major obstacle to large-scale manufacturing of perovskite-based photovoltaic 

devices, and it is even more pressing for photocatalytic applications, where direct contact 

between the active material and the reaction medium increases the likelihood of lead 

leakage into the environment.[44] Given these risks, it should be crucial to prioritize the 

development and study of lead-free (Pb-free) MHPs for hydrogen evolution in aqueous 

solutions. Based on that, lead-free based metal halide perovskites are one of the most 

promising candidates for photocatalytic application.[44,49,50] After the initial success of metal 

halide perovskites in photovoltaics, reached by Tsutomu Miyasaka and colleagues in 

2009,[85] researchers began in the same years, starting from those bases, to explore their 

potential also for photocatalytic applications, particularly in hydrogen evolution reactions 

(HER). The key to this transition was the realization that those same properties that made 

perovskites effective in solar cells like broad light absorption, excellent charge carrier 

dynamics, and tuneable electronic properties could also be leveraged for photocatalysis. 

The first notable application of metal halide perovskites in photocatalysis for hydrogen 

evolution came in 2016 when Park and coauthors used methylammonium lead iodide 

(MAPbI3) as the photocatalyst.[48] To address the water-induced instability of perovskites, 

the reaction was conducted in an aqueous solution of hydroiodic acid (HI) and by carefully 

adjusting the Iī and H+ concentrations, powdered MAPbI3 underwent continuous dissolution 

and precipitation under dynamic equilibrium, allowing stable photocatalytic HI splitting and 

hydrogen evolution (along with I3ī formation). MAPbI3 was stable only within specific HI 

concentration ranges (6.06ī2.51 mol Lī1). The hydrogen evolution rate, achieved using a 

solar simulator, was 11.31 ɛmol hī1 gī1, and this was further enhanced by 2 to 2.8 times 

after thermal annealing of MAPbI3 in a dimethylformamide (DMF) and dimethyl sulfoxide 
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(DMSO) atmosphere, which improved material crystallinity. The highest hydrogen evolution 

rate reached about 57 ɛmol hī1 gī1 after depositing platinum on the sample, resulting in a 

solar HI splitting efficiency of 0.81%.[48] Thus, Park at al. demonstrated that lead halide 

perovskite could be used as photocatalyst for hydrogen production from aqueous solution 

under sunlight. However, these early attempts faced challenges, including material 

instability, particularly in aqueous environments, and issues related to the toxicity of lead, as 

we already largely discussed. From 2016 onward, substantial research has been devoted 

to overcoming these limitations and improving the performance of metal halide perovskites 

in photocatalytic hydrogen evolution. Material stability is one of the key areas to be improved 

since metal halide perovskites are prone to degradation, especially in aqueous and acidic 

environments as already underlined, which are common in photocatalytic applications. 

Important work has been done on passivating the perovskite surface with protective layers, 

such as carbon-based materials, or integrating perovskites with co-catalysts like platinum, 

to enhance their stability in water splitting reactions.[96,97] To further improve stability and 

photocatalytic performance, researchers have explored a variety of metal cations (e.g., tin, 

copper) and halide compositions.[98] Lead-free perovskites, such as tin-based perovskites 

(e.g., MASnI3), are recently emerging as more stable potential alternatives, also based on 

all the problems related to the intrinsic instability of the lead-based phases, although lead-

free MHPs often exhibit lower efficiencies compared to their lead-based counterparts.[99] 

Only a few perovskite systems have been reported up to now to possess an intrinsic stability 

in water and quite promising and unexpected high hydrogen evolution rate, namely 

DMASnBr3,[92] DMASnI3 
[101] and PEA2SnBr4,[93] which are extremely favourable for future 

developments. However, there are some studies that show that Sn is also a harmful 

chemical, with similar concerns regarding environment and health to Pb at high 

concentration exposure, so the tin-based alternative became promising and attractive just 

in terms of stability and durability of the materials and therefore of the general device.[100]  

Hybrid systems, where perovskites are combined with other materials, such as graphitic 

carbon nitride (g-C3N4), transition metal oxides, or metal-organic frameworks (MOFs), 

represent an optimal strategy to boost the application of this class of materials.[45,46,102] 

These hybrid photocatalysts improve charge separation and transfer, thereby enhancing 

hydrogen evolution rates.[98,103] The integration of metal halide perovskites with traditional 

semiconductor photocatalysts has shown promise in improving both stability and 

photocatalytic activity since, as already discussed, one of the main advantages of 

perovskites is the ability to tune their bandgap by modifying their halide composition. By 
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adjusting the ratio of iodine, bromine, and chlorine, researchers can tailor the perovskiteôs 

light absorption to better match the solar spectrum, enhancing its efficiency for hydrogen 

evolution under sunlight. Moreover, photocatalytic hydrogen evolution can occur in acidic, 

neutral, or alkaline conditions, and metal halide perovskites have shown promise in both 

acidic and aqueous media. [44,48] Their broad absorption spectrum and suitable band 

alignment for water splitting make them effective photocatalysts under various pH 

conditions, though their instability in acidic media remains a challenge. Ongoing research 

aims to develop perovskite-based photocatalysts that are more robust in these harsh 

environments. Today, metal halide perovskites are recognized as one of the most exciting 

materials for photocatalytic hydrogen evolution. However, key challenges, particularly in 

terms of stability and scalability, remain. [43,98] In conclusion, to address these issues, 

researchers are focusing on the several strategies, where the development of lead-free 

alternatives that maintain high photocatalytic efficiency while reducing environmental 

concerns is receiving important attention. Also, engineering perovskite structures or 

protective layers to withstand harsh reaction conditions, especially in long-term water 

splitting applications. Exploring advanced reaction systems and hybrid designs that combine 

perovskites with other materials to improve overall efficiency and stability. As research 

continues, it is expected that lead-free metal halide perovskites will play a significant role in 

the development of next-generation photocatalysts for sustainable green hydrogen 

production, contributing to the broader goal of clean energy generation from solar-driven 

processes. 

 

4. AIM OF THE THESIS 

The aim of this Ph.D. thesis is the study, the application and the characterization of carefully 

engineered heterojunction systems for photocatalytic green hydrogen and ammonia 

evolution reactions. During this research four distinct heterostructured systems have been 

studied, proving how the deliberate design and optimization of suitable semiconductors 

material interfaces, electron transfer mechanisms, and morphology consistently improve 

photocatalytic performance. Experimental findings reveal that heterojunction engineering 

and morphology control not only promote efficient charge carrier separation and transfer but 

also significantly mitigate the recombination, that as deeply discussed previously, represents 

a critical bottleneck for most of the main studied photocatalysts. Therefore, the principal 

focus was the study of the most suitable co-catalyst semiconductor, and the most efficient 
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heterojunction configuration for graphitic carbon nitride, g-C3N4, the primary eco-friendly and 

non-critical raw material-based photocatalyst studied in this work.  
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CHAPTER 2 

 

Synthesis of Carbon Nitride Polymorphs by 

Sacrificial Template Method: Correlation between 

Physicochemical Properties and Photocatalytic 

Performance 
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ABSTRACT 

Carbon nitride compounds (CNCs) in the form of graphitic carbon nitride (g-C3N4) and 

poly(heptazine imide) were synthesized using different metal chloride salts (MClx), i.e., NaCl, 

KCl and CaCl2, as sacrificial templates and by varying the MClx to melamine molar ratios. A 

systematic study of their photocatalytic activity for H2 production in relation to the 

physicochemical, morphological, and optical properties was carried out. Each sample was 

tested achieving the highest hydrogen evolution rates of about 7660 ɛmol g-1 h-1, 5380 ɛmol 

g-1 h-1 and 3140 ɛmol g-1 h-1 using CaCl2, KCl, and NaCl, respectively. This work 

demonstrates how the synthesis of CNCs with different MClx leads to the production of high-

performance photocatalysts due to a combination of factors as the formation of vacancies 

or cyano groups, a shift in the optical threshold and tuning of micro(nano)structure. The 

results demonstrate that, when CaCl2 is used as a sacrificial template, porous and exfoliated 

g-C3N4 nanosheets are formed leading to hydrogen productions which outperform most of 

the previously reported g-C3N4 prepared using a single synthetic step. 
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1. INTRODUCTION 

Over the last years, polymeric carbon nitride compounds (CNCs) have emerged as 

promising candidates for a variety of appealing applications spanning from H2 production,[1] 

CO2 reduction,[2] sensing,[3] to nitrogen photo fixation.[4] This is due to their suitable optical 

properties, such as a band gap close to 2.7 eV which makes CNCs active in the visible solar 

spectrum, coupled to an extraordinary chemical and thermal stability.[5] As a matter of fact, 

CNCs have a basic two-dimensional arrangement formed by triazine rings (C3N3) and tri-s-

triazine rings (C6N7).[6] CNCs are synthesized from the thermal polycondensation of 

inexpensive precursors that contain nitrogen and carbon atoms such as: dicyanamide 

(DCD), melamine (MLM), urea and thiourea. The most common CNC is graphitic carbon 

nitride (g-C3N4), which is characterized by a bulk and disordered structure. g-C3N4 has two 

main drawbacks, namely high recombination rate of the electron-hole pairs, due to the 

presence of defects deriving from an incomplete delamination during the thermal 

condensation process, and a low surface area.[7] Poly (heptazine imide), or PHI, is another 

carbon nitride polymorph that shows an optical response like that of g-C3N4. However, it has 

a higher degree of crystallinity, and therefore exhibits enhanced photoactivity compared to 

bulk g-C3N4.[8] Both CNCs can be prepared by different approaches such as molecular self-

assembly,[9] microwave synthesis,[10] and sacrificial template methods.[11] Among the various 

procedures, sacrificial template methods are simple, inexpensive, and efficient strategies to 

obtain high photocatalytic active materials.[12] Under this approach, CNCs precursors, i.e. 

MLM, DCD, urea or thiourea, are mixed with water soluble salts, followed by the thermal 

polycondensation reaction. For example, salts such as NaHCO3, MgCO3 or NH4Cl, 

commonly referred to as sacrificial gas templates, decompose in a mixture of gases during 

the thermal polymerization of g-C3N4, producing a thermal gas-flow shock that leads to the 

formation of a porous g-C3N4. Wu et al. (2020) fabricated porous g-C3N4 nanosheets (NSs) 

using DCD and NaHCO3 for hydrogen gas evolution reaction. Their results showed the 

production of a porous g-C3N4 due to the formation of CO2 from the thermal decomposition 

of NaHCO3.[11c] A similar procedure was reported by Yan et al. (2017) obtaining porous g-

C3N4 NSs using MLM and MgCO3 as the gas template,[13] while Li et al. (2020) used DCD 

and NH4Cl.[14] Beyond this method, solid or eutectic salts templates can be used for the g-

C3N4 and PHI preparation. For example, Xiong et al. (2016) synthesized a K+ doped g-C3N4 

by mixing KBr and thiourea and investigated its performance for the photocatalytic removal 

of NO.[15] They demonstrated that K+ incorporation increases the visible-light absorption and 

improves the oxidation ability of g-C3N4, leading to an enhanced photocatalytic performance. 
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Eutectic salts such as KCl:LiCl, NaCl:KCl were as well reported for the synthesis of PHI.[15-

16] Focusing on H2 production by CNCs using sacrificial templates, it should be noted that, 

despite the intensive research recently reported in the literature, significant differences in 

terms of crystal structure, surface area, morphology etc. have been evidenced, even when 

the same precursor and/or similar preparation and synthesis conditions were chosen. These 

differences have a strong influence on the CNCs final characteristics and in turn on the 

photocatalytic hydrogen production efficiency. In fact, regarding the use of NaCl as sacrificial 

template, Yang et al. (2019) reported the preparation of a porous g-C3N4 by dissolving DCD 

in ethanol and mixing it with a saturated aqueous solution of NaCl; a rotary evaporation 

treatment allowed the subsequent formation of a powder, which was thermally treated at 

550ÁC.[17] The best sample achieved a hydrogen evolution rate (HER) of 459 ɛmol/g/h with 

a 10:1 NaCl:DCD molar ratio.[17] More recently, Teixeira et al. (2022) synthesized a sodium 

doped PHI by subjecting a finely ground mixture of 10:1 NaCl:MLM (weight ratio) to a thermal 

treatment in N2 atmosphere at 600ÁC, and the material achieved a value of 2400 ɛmol/g/h.[18] 

A similar material was reported by Tang et al. (2020), in which porous g-C3N4 is obtained by 

using a 30:1 NaCl:MLM mixture (weight ratio) treated at 550ÁC; however the obtained 

photocatalyst was evaluated for the degradation of tetracyclines only.[19] In the current 

literature the utilization of KCl as sacrificial salt is as well reported. Indeed, Zhang et al. 

synthesized a K+-doped g-C3N4 by mixing KCl with bulk g-C3N4 followed by heating in N2 

atmosphere (550ÁC).[20] This two-step synthesis allowed a H2 production of 5235.8 ɛmol/g/h, 

which was almost 22 times higher than that provided by the bulk material. On the same line, 

Yuan et al. reported the synthesis of g-C3N4 with cyanamide defects, obtained by dissolving 

thiourea with a KCl aqueous solution.[21] The solution was freeze-dried and then thermally 

treated at 600ÁC. The resulting material was able to produce 4000 ɛmol/g/h of H2, which it 

was 5 times higher compared to the bulk material.[21] Another work reports the use of a 

mixture MLM/Urea/KCl to produce a high performing material for the degradation of 

tetracycline.[22] The high photocatalytic performance of CNCs synthesized using metal halide 

templates indicate that there is space to further improve the H2 production by a single and 

inexpensive synthetic route and to scale up its production. Indeed, as previously highlighted, 

such an approach has been applied by different authors to a single metal halide template, 

with a limited evaluation of the experimental conditions (e.g., CNC precursor to halide salt 

molar ratios), and by carrying out the synthesis with different thermal treatment protocols 

which are known to have a huge impact on the final catalytic activity of the CNCs. In addition, 

most of the studies today have been focused on monovalent metal halides while it would be 
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of interest to further enlarge the plethora of possible templates. Therefore, to rationalize the 

role of metal halide templates on the CNCs physico-chemical properties and on their 

catalytic properties, i.e. H2 production, we report here a systematic and comprehensive 

study of CNCs obtained using three metal halide salts, namely NaCl, KCl, and CaCl2. All 

materials have been prepared according to a common synthetic protocol to provide reliable 

correlations with structural, optical, and catalytic activity. We highlight that, among these 

inexpensive metal halide templates, only KCl and NaCl have been previously reported in 

the literature. 

 

2. RESULTS AND DISCUSSION 

Polymeric CNCs were synthesized by the polycondensation of MLM at 550ÁC using either 

NaCl, KCl or CaCl2 as sacrificial templates (see Experimental Section). A set of reactions 

was carried out at different molar ratios of MClx:MLM, namely 0:1, 5:1, 10:1, 15:1, 20:1, and 

30:1. The amount of g-C3N4 NSs obtained was quantified drying the samples after the 

removal of the MClx. The g-C3N4 NSs to MLM mass ratio was used to express the reaction 

yield, reported as mass percentage (%) in Figure 1. The results show a clear decrease in 

the synthesis yield as the amount of MClx increases. Similar yields were obtained using NaCl 

and CaCl2 across all the molar ratios. However, significantly lower yields were obtained 

when KCl was used as a sacrificial template. 

 

 

 

 

 

 

 

Figure 1. Reaction yields for the bulk g-C3N4 and the CNCs synthesized using NaCl, KCl or CaCl2 

as sacrificial templates at different MClx:MLM molar ratios. 
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Figure 2 reports the XRD patterns of all CNCs prepared using NaCl (a), CaCl2 (b), and KCl 

(c). The thermal polycondensation of MLM in the presence of NaCl and CaCl2 lead to the 

production of g-C3N4 NSs. The pattern of bulk g-C3N4 is shown as a reference at the bottom 

of the figures (green pattern) followed by the XRD patterns of the g-C3N4 NSs at increasing 

molar ratios (MClx:MLM). Bulk g-C3N4 shows the typical pattern characterized by two 

peculiar peaks at 13.0Á and 27.5Á ascribed to the (100) and the (002) planes.[22] The first 

reflection indicates the tris-s-triazine repeating units within a single g-C3N4 sheet, while the 

second one represents the interlayer-stacking reflection.[1] From a visual inspection of Figure 

2a and Figure 2b, it is possible to observe some trends as a function of increasing molar 

ratio MClx:MLM. For example, when NaCl is added as sacrificial template (Figure 2a), the 

peak at 27.5Á becomes progressively less intense and broader and the peak at 13Á is no 

longer visible. These observations suggest a strong reduction of the intra-layer order and a 

significant distribution of (shorter) inter-layer distances, again associated to an increase of 

the disorder. A similar pattern was reported when g-C3N4 NSs were produced by a thermal 

exfoliation of bulk g-C3N4.[23] The incorporation of CaCl2 during the thermal polymerization 

of MLM lead to the production of g-C3N4 NSs and the formation of small amounts of CaCO3, 

as will be discussed later; the as-prepared g-C3N4 containing CaCl2 as sacrificial agent was 

subjected to a washing process with DI water, despite the low solubility of CaCO3, as it was 

done when KCl and NaCl were used, followed by filtration and drying. The XRD patterns of 

this set of samples are shown in Figure S1a. In all the XRD patterns we observe the 

presence of several sharp peaks, which can be attributed to the formation of CaCO3. Figure 

S1b compares the XRD pattern of the 15:1 CaCl2:MLM sample with the reference pattern of 

CaCO3. To obtain the XRD pattern of the g-C3N4, CaCO3 was dissolved using 100 mL of 0.1 

M HCl solution. The suspension was sonicated for 20 min, filtered, rinsed with water, and 

finally dried. The XRD patterns of this set of samples were recorded and are shown in Figure 

2b. The results show the characteristic peaks of g-C3N4, and both peaks become broader 

and less pronounced indicating a decrease in size in both directions (i.e., parallel and 

perpendicular to the carbon nitride layers). Figure 2c shows the set of samples synthesized 

using KCl as sacrificial template. The obtained material is poly (heptazine imide), PHI. The 

reference pattern of PHI is shown at the bottom of the figure. The production of PHI using 

KCl, agrees with previous reports in the literature when KCl is used during the thermal 

polymerization of MLM.[24] The patterns of the samples exhibit several intense and sharp 

peaks, indicating an increased crystallinity of the sample. The strongest peak is at 28.2Á, 

corresponding to the (001) crystal plane. Figure 2c shows that as the KCl:MLM molar ratio 
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increases, there is a gradual shift of the (001) to higher 2ɗ values, suggesting a reduction of 

the interlayer distance. To better highlight this effect Figure S2 shows a close-up of the (001) 

plane. 

 

 

Figure 2. XRD patterns of the samples synthesized using a) NaCl, b) CaCl2 and c) KCl as sacrificial 

templates at different MClx:MLM molar ratios. 

The morphology and microstructure of all the CNCs was investigated by SEM and TEM. 

Figure 3 shows, by way of example, the micrographs for the CNC NSs obtained using the 

highest molar ratio, i.e. 30:1 MClx:MLM for each sacrificial template. The SEM and TEM 

micrographs for all the synthesized samples can be found in the SI from Figure S3 to S6. As 

apparent from Figure 3, the bulk g-C3N4 is characterized by a non-porous and layered 

morphology. Firstly, we would like to highlight that it is possible to observe a modulation of 

the nanostructure of the g-C3N4 produced by changing the sacrificial template (MClx). For 

instance, when NaCl was added we observed the formation of exfoliated sheets and small 

g-C3N4 particles within the 2D sheets. The TEM micrographs show that the addition of NaCl 

produces thinner nanosheets as the MClx:MLM molar ratio increases (Figure S3). We also 

observe a minority fraction of g-C3N4 nanotubes (Figure S4). However, the obtained g-C3N4 

does not have a very porous morphology as reported by Tang Niu et al. (2020)  even though, 

both synthesis methods are similar.[18] The morphology is more similar to the g-C3N4 NSs 

reported by Teixeira et al. (2022), nevertheless they only synthesized a single sample using 

10 NaCl:MLM (weight ratio) and they reported the formation of a sodium doped PHI.[17] 

Figure S5 reports the set of SEM and TEM micrographs of PHI obtained when KCl is used 

as sacrificial agent. The obtained materials consist mainly of small particles in the nanometre 

scale, with sizes ranging from 30 to 70 nm. In the TEM analysis, we also observe the 

formation of exfoliated layers. It is worth mentioning that a similar morphology was 

previously reported.[19] The authors synthesized a K+-doped g-C3N4 by mixing KCl with bulk 

g-C3N4 and performing a heat treatment at 600Á C to achieve a controlled diffusion of the K+ 



45 

 

ions towards the surface of the bulk g-C3N4.[19]  The CNC NSs produced using CaCl2 as 

sacrificial template (Figure S6) show a porous surface. The micrographs show that there is 

a positive correlation between the porosity of the sample and the amount of CaCl2 

incorporated during the synthesis, being the sample with the 30:1 CaCl2:MLM molar ratio, 

the one with the highest porosity. We would like to highlight that the SEM and TEM 

micrographs demonstrate the incorporation of CaCl2 during the synthesis of CNC produces 

a more exfoliated material compared to the use of NaCl or KCl.  

 

Figure 3. SEM and TEM micrographs of the bulk g-C3N4 and the CNCs synthesized using 30:1 

MClx:MLM.  

 

The specific surface area (SSA) of all the sample was measured and the results are reported 

in Table 1. The SSA of the bulk g-C3N4 is 18.3 m2/g. The incorporation of salts with MLM 

during the synthesis causes a clear change in the SSA. In general, when KCl and NaCl are 

used, the SSA remains below to the one of bulk g-C3N4 except for the higher molar ratios of 

metal halide. On the other hand, there is a clear trend that indicates that higher SSA values 

are obtained when CaCl2 is used, which can be nicely correlated to the microscopic 

investigation shown in the micrographs of Figure S6.  
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The optical properties for all the samples were determined by UVïVis absorption and 

photoluminescence spectroscopy (Figure 4). The Tauc plots of the bulk g-C3N4 and all the 

CNCs obtained using NaCl, KCl and CaCl2 can be found in Figure 4a, 4c and 4e, 

respectively. Table 2 repots the estimated band gap value for each sample, while Figure S7 

show the UVïVis absorption spectra for all the samples. First, the bulk g-C3N4 has a band 

gap value of 2.71 eV, which corresponds to an adsorption edge about 457 nm, in good 

agreement with the value reported in the literature.[25] Interestingly, the incorporation of  

NaCl, KCl or CaCl2 has a different effect on the optical properties of g-C3N4. For instance, 

when NaCl is used as a sacrificial agent, a shift towards lower energy values is observed 

which is scarcely affected by the NaCl:MLM ratio (cfr. Table 2 and Figure 4a). In addition, a 

broad absorption tail in the visible spectrum is observed for all the NaCl:MLM molar ratios 

(Figure S7a), which can be attributed to the presence of cyano group and Na ion doping, as 

will be discussed later considering the FTIR analysis. These results indicate the 

improvement of the light absorption of g-C3N4 when NaCl is used to dope the g-C3N4 sheets. 

As a comparision, Yang F. et al. (2019) reported a smilar red shift for the synthesis of porou 

s g-C3N4 NSs from different molar ratios of NaCl:DCD (1, 3, 5, 10 and 15).[16] However, only 

an absorption tail was reported for the g-C3N4 prepared using the highest molar ratio. The 

use of KCl as a sacrificial template, only produces a minimal shift towards lower energy 

values, compared to the bulk g-C3N4, without a correlation with the increasing KCl:MLM 

molar ratio (Figure 4c). 

 

Table 1. Specific surface area of the bulk g-C3N4 and the 

CNCs obtained using different sacrificial agents. 

 Specific surface area (m2/g) 

Bulk g-C3N4 (from 

MLM) 

18.3 

MClx:MLM NaCl KCl CaCl2 

5:1   4.0 ± 0.1 10.1 ± 1.1 14.9 ± 1.9 

10:1   4.3 ± 0.1   7.0 ± 1.5 18.1 ± 2.2 

15:1   7.1 ± 0.2   7.8 ± 0.3 28.4 ± 0.7 

20:1 10.6 ± 1.4 15.0 ± 1.7 28.4 ± 1.3 

30:1 21.0 ± 2.4 14.8 ± 2.5 36.1 ± 0.6 
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Only a small tail is observed for the 20:1 KCl:MLM sample, since the samples with the 

highest molar ratio resulted in the formation of cyano groups, as will be discussed later. For 

the set of CNC NSs synthesized using CaCl2, a shift towards higher energies is observed 

(cfr. Table 2 and Figure 4e). This change indicates a decrease of the light absorption in the 

visible range, which is consistent with the changes of colour from yellow for the bulk g-C3N4 

to white/yellowish of the g-C3N4:CaCl2 samples. The photoluminescence of the g-C3N4 NSs 

synthesized using NaCl (Figure 4b), KCl (Figure 4d) and CaCl2 (Figure 4f) was measured 

from 1.8 eV to 3.4 eV and it was compared to PL spectra of the bulk g-C3N4. In the Figure 

4b and 4d are presented the normalized intensity curves of NaCl and KCl related samples, 

these, in comparison to the reference, do not show any shift of the emission peak but only 

a sharpening of it. This agrees with the absorption measurements which also show for these 

two salts dopants almost no shift in the band edge, Table 2. Conversely, as can be noticed 

in Figure 4f the optical behaviour of Ca doped g-C3N4 is peculiar, showing a 0.20 eV blue-

shift of the emission peak with respect to the reference. This can be related to the altered 

potential of VB and CB of g-C3N4 due to the orbital hybridization between C, N and dopant 

atoms which in turn affect the photocatalytic properties of the system.[21, 26] The time resolved 

PL spectra were recorded to monitor the decay process of all the samples. The 

measurements are reported in Figure S8, where they are compared with the bulk g-C3N4. 

For all the samples, the decay process is clearly faster than the bulk g-C3N4, indicating that 

the recombination of electron-hole pairs was efficiently suppressed upon doping, which can 

induce a remarkable enhancement of the photocatalytic activity, in line with what was 

previously observed for metal doped g-C3N4 samples.[26] 

Table 2.  Band gap of the bulk g-C3N4 and the CNCs NSs 

produced at various MClx:MLM molar ratios 

                        Band gap/eV 

Bulk g-C3N4    2.71 

Molar ratio 

MClx:MLM 

5:1 10:1 15:1 20:1 30:1 

NaCl 2.66 2.68 2.65 2.65 2.66 

KCl 2.68 2.69 2.70 2.68 2.71 

CaCl2 2.88 2.86 2.86 2.89 2.87 
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Figure 4. Tauc plot and normalised emission photoluminescence spectra of the bulk g-C3N4 and the 

CNCs using NaCl, KCl and CaCl2 as sacrificial templates. 

 

Further structural information was acquired by FTIR spectroscopy and shown in Figure 5. 

All the samples are characterized by a number of distinctive peaks. For instance, the peak 
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at 807 cm-1 which can be assigned to the out of the plane bending mode of the heptazine 

rings.[27] The peak at 890 cm-1 corresponds to the vibration of the N-H bonds, the shoulder 

peak at 1240 cmī1 and the bands at 1312, 1400, 1454, and 1574 cmī1 are assigned to the 

aromatic CïN stretching.[27-28] The peak at 1628 cmī1 attributed to the C=N stretching 

vibration modes of heptazine.[17] The broad bands in the range between 3000 to 3 700 cmī1 

are due to the N-H stretching from residual amino groups and the O-H bonds band from 

adsorbed H2O molecules.[29] 

 

 

Figure 5. FTIR of the bulk g-C3N4 and the CNCs synthesized using a) NaCl, b) KCl and c) CaCl2 as 

sacrificial templates.  

 

However, the samples containing sacrificial templates show several additional peaks. For 

instance, the first peak at 2168 cm-1 indicates the formation of cyano groups (CſN), whose 

intensity in general increases with the increase of the MClx:MLM ratio, except for the highest 

molar ratios when using CaCl2. As reported in the literature, the presence of salts induced 

an incomplete polymerization and/or partial decomposition of tri-s-triazine units, resulting in 

the generation of cyano groups within the g-C3N4 framework.[30] It is suggested that such 

groups have a positive effect on the photocatalytic activity of g-C3N4.[31]  The second peak 

at 968 cm-1 is assigned to the bending vibrations and the symmetric vibrations of the triazine 

rings, respectively.[32] The third peak at 2140 cm-1 is ascribed to the presence of C=O or C-

O bonds in the structure, which agrees with the elemental composition values obtained by 

XPS (see later).[30] The presence of the former peaks demonstrates the reduction of the in-

plane periodicity of the heptazine rings thus indicating the presence of defects. Moreover, 

Figure 5c show a small peak at 710 cm-1 that indicates the formation of CaCO3 when CaCl2 

is used as sacrificial template.[33] All samples synthesized with a sacrificial template have 

peaks at 968 cm-1 and 1147 cm-1 denoting the presence of hydroxyl groups (-OH). However, 
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the bulk g-C3N4 does not show these peaks. XPS analysis was used to investigate surface 

chemical composition and structures of bulk g-C3N4 and the g-C3N4 CNSs using NaCl, KCl 

and CaCl2 as sacrificial templates. Atomic composition is reported in Table S1 while 

representative core-level spectra of the sample prepared using CaCl2 as template (10:1 

molar ration), is reported in Figure 6. 

 

 

Figure 6. XPS high-resolution spectra for the sample g-C3N4 NSs using 10 CaCl2:MLM.  
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Figure 7. Hydrogen evolution of the bulk g-C3N4 and the CNCs synthesized using a) NaCl, b) KCl 

and c) CaCl2 and d) all the previous data together. The green star represents the H2 production of 

the bulk g-C3N4; RSD < 20% (n=4). 

 

All spectra were best-fitted and assignments were made based on the work reported by D. 

Morgan (2021).[34] The C1s spectrum consists of three components set at 284.8 eV, 288.1 

eV and 293.3 eV, assigned to sp3-carbon, C in C-N-C and to satellite structure, 

respectively.[35] The N1s spectrum is characterized by four components: the one at 398.5 eV 

is ascribed to sp2-bonded nitrogen in C-N=C, the following peak at 399.5 eV corresponds to 

the N in tertiary group N-(C)3, while at 400.8 eV is due to amino-functional groups with H 

atoms.[36] Finally, the broader peak cantered at 404.5 eV is the satellite structure. Oxygen is 

present in the sample as contamination, and the core-level spectrum could be best-fitted 

with two peaks, placed at 531.5 eV which is typical of metal hydroxide and a second 

component at 532.9 eV, assigned to hydroxyl groups. Finally, the Ca2p spectrum consists 

of a doublet with the main component (Ca2p3/2) peaked at 347.6 eV. The solarȤdriven 

efficiency of all prepared samples was determined in terms of HER under standard test 

conditions, viz. 10% v/v TEOA aqueous solution, as a sacrificial agent and 3 wt. % platinum 



52 

 

as coȤcatalyst. Figure 7 shows the HER results as a function of the MClx:MLM molar ratio 

while Table S2 reports the tabulated values of H2 production for each sample. It was 

observed that the incorporation of MClx salts during the polymerization of MLM resulted in a 

general increase of the H2 production as the MClx:MLM molar ratio increases, regardless of 

the metal halide used. However, significant differences were observed for each salt relative 

to the peak of highest production. For example, when NaCl is used there is a linear increase 

of the H2 production as the molar ratio increases, with the highest H2 production at around 

3144 ɛmol gī1 hī1, for the 30:1 NaCl:MLM ratio, which represents a 17-fold increase in the 

H2 production compared to bulk gȤC3N4 (183 ɛmol gī1 hī1). The favorable H2 production 

along the increasing MClx:MLM molar ratio reasonably results from the combination of 

several factors, namely the stronger absorption in the visible range (for the NaCl and KCl 

preparations), the formation of cyano groups, vacancies and cation doping, as well as an 

increase of surface area, especially for the catalysts prepared using NaCl and CaCl2. As a 

matter of fact, Cao S. et al. (2017) performed DFT calculations of pristine g-C3N4 and NaïP 

co-doped g-C3N4 showing that interstitial sodium doping can change the electron density in 

the g-C3N4 plane by favoring the electron release from the surface of the g-C3N4 thus 

improving the H2 production.[37] Reports in the literature using NaCl as sacrificial template 

found optimal H2 production values in the range 460-2800 Õmol/g/h.[16-17, 38] Table 3 

summarizes the H2 production rates reported in the current literature when using different 

salts as sacrificial templates, including NaCl and KCl. Figure 7b shows the H2 evolution 

values when KCl is used as sacrificial template. The results show a linear increase in the H2 

photoproduction up to 5376 ɛmol gī1 hī1 for the 20:1 KCl:MLM molar ratio, which 

corresponds to a 29-fold increase in H2 production compared to bulk gȤC3N4. Reported 

values in the literature for photocatalytic H2 evolution carried out by mixing KCl and bulk g-

C3N4, at a mass ratio of 15:1 KCl:bulk g-C3N4, lead to a production of 5238  ɛmol gī1 hī1.[19] 

In another report HER of around 4000 ɛmol gī1 hī1 was achieved by using a small amount 

of KCl mixed with thiourea to create cyanamide defects in the CN sheets.[20] DFT 

calculations performed by Xiong et al. (2016) for K+ and Na+ ions doping on g-C3N4 

demonstrated that K+ are intercalated into the space between layers and could decrease 

the electronic localization and extend the ˊ conjugated system, while Na+ tends to enter the 

caves of the CN planes.[39] Consequently, the presence of K+ intercalated into the CNCs 

sheets improves the charge carrier transfer between adjacent layers while Na+ doping 

increased the in-planar electron density.[39] The incorporation of CaCl2  during the synthesis 

of g-C3N4 leads to a completely different behavior in the H2 production as the MClx:MLM 
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molar ratio increases (Figure 7c). The results indicate an increase in the H2 production up 

to 6813 ɛmol gī1 hī1 when the CaCl2:MLM molar ratio is 10:1 and up to 7657 ɛmol gī1 hī1 

when the molar ratio is 15:1. Higher molar ratios lead to a decrease in the HER, for instance 

5249 ɛmol gī1 hī1 and 2835 ɛmol gī1 hī1 are measured  when the molar ratios CaCl2:MLM 

are 20:1 and 30:1, respectively. The reason for this peaked behavior is not fully understood 

and will be subject of future computational and advanced characterization investigations. 
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Table 3. Hydrogen evolution rate (HER) of CNCs synthesized using different sacrificial templates. 

Template Precursor 

HER 

(µmol g-1 

h-1) 

Experimental conditions Ref. 

NaHCO3 DCD 1 010 

Synthesis: 2 g DCD + 0.1 g NaHCO3 

(550°C/4 h/3°C min-1). 

Photocatalysis: 1 % wt Pt, 0.63 gCatalyst/L, 25°C, 50 

W/m2. 

[11c] 

NaCl MLM 2 400 

Synthesis:10:1 NaCl/MLM wt. ratio (600°C/4 h/2.3°C 

min-1). 

Photocatalysis: 3 % wt. Pt, 1.3 gCatalyst/L, 10 % v/v 

TEOA, 25°C, 50 W/m2. 

[17] 

NaCl DCD 2 801 

Synthesis: 30:1 NaCl/DCD wt. ratio (550°C/4 h/2.3°C 

min-1). 

Photocatalysis: 3 % wt. Pt, 1.1 gCatalyst/L, 10 % v/v 

TEOA, 25°C, 300 W Xenon lamp. 

[38] 

NaCl DCD    459 

Synthesis: 10:1 NaCl/DCD molar ratio (600°C/4 

h/2.3°C min-1). 

Photocatalysis: 3 % wt. Pt, 0.2 gCatalyst/L, 10 % v/v 

lactic acid, 25°C, 300 W Xenon lamp. 

[16] 

KCl MLM 5 238 

Synthesis: 1.5 g bulk g-C3N4 + 10 g KCl (600°C/2 

h/10°C min-1).  

Photocatalysis: 3 % wt. Pt, 1 gCatalyst/L, 20 % v/v 

TEOA, 15°C, 300 W Xenon lamp. 

[19] 

KCl Thiourea 4 000 

Synthesis: 10 g thiourea + 0.03 g KCl (600°C/2h/2.5 

°C min-1). 

Photocatalysis: 3 % wt. Pt, 0.63 gCatalyst/L, 15 % v/v 

TEOA, 1200 W/m2. 

[20] 

NaCl MLM 3 144 

Synthesis: 30:1 NaCl/MLM molar ratio (550°C/4 h/4°C 

min-1).  

Photocatalysis: 3 % wt. Pt, 1 gCatalyst/L, 10 % v/v 

TEOA, 1500W Xenon lamp, 500 W/m2. 

This 

work 

KCl MLM 5 376 

Synthesis: 20:1 KCl/MLM molar ratio (550°C/4 h/4°C 

min-1). 

Photocatalysis: 3 % wt. Pt, 1 gCatalyst/L, 10 % v/v 

TEOA, 1500W Xenon lamp, 500 W/m2. 

This 

work 
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A previous work conducted by Teixeira et al. using g-C3N4 for photocatalytic H2 evolution in 

the presence of alkali chlorides found a positive correlation between the H2 production and 

the hydration energy of the cations.[17] The authors suggest that the presence of cations in 

the solution pulls the oxygen atoms from the water molecule making the hydrogen protons 

more mobile which, in turn, promotes the proton migration to the surface of Pt according to 

the Volmer step, forming the intermediate adsorbed hydrogen species, according to the 

following reaction: 

ςὌὕ ὖὸςὩ  ᵶ  ςὖὸὌ  ςὕὌ    (1) 

As a consecutive step, molecular H2 is being produced, showed by the Heyrovsky and Tafel 

steps, respectively: 

Ὄὕ ςὖὸὌ Ὡ ᵶ  ὖὸ Ὄ ὕὌ  (2) 

ςὖὸὌ ᵶ  ὖὸ Ὄ                                  (3) 

The authors proposed that the presence of cations in photocatalytic hydrogen evolution, in 

addition, favours the equilibrium of the Heyrovsky step to the products by stabilizing the OHī 

ions. EPR spectroscopy has recently found wide applications in the field of polymer 

science[37] and, in particular, in the g-C3N4 framework.[38] EPR measurements were 

performed on our samples at room temperature to investigate the presence of nitrogen 

vacancies and possibly to relate them to the efficiency of the H2 production. Indeed, they 

are generally considered to be one of the main factors responsible for the increase H2 

production by increasing the MClx:MLM ratio. Figure 8 shows, as representative case for 

each sacrificial template, the EPR spectrum obtained for the NSs displaying the highest H2 

production, i.e. 30:1 NaCl:MLM, 20 KCl:MLM and 15:1 CaCl2:MLM. These three signals are 

centered at the same g-value (2.0034 Ñ 0.0001). A unique signal with linewidth of about 4 G 

is observed in the case of NaCl and KCl incorporation while the superposition of at least two 

differently wide signals is evident in the case of CaCl2 incorporation. The spectrum of bulk 

CaCl2 MLM 7 657 

Synthesis: 15:1 CaCl2/MLM molar ratio (550°C/4 

h/4°C min-1). 

Photocatalysis: 3 % wt. Pt, 1 gCatalyst/L, 10 % v/v 

TEOA, 1500W Xenon lamp, 500 W/m2. 

This 

work 

Dicyandiamine (DCD), melamine (MLM), hydrogen evolution rate (HER), triethanolamine (TEOA). 
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g-C3N4 synthesized from MLM is also reported as a reference signal because this material 

should be characterized by a low degree of vacancies. Only negligible deviations from a 

diamagnetic response can be observed in this last case. The results for all the investigated 

NSs, synthesized adding the three different sacrificial agents, are reported in Figure S9, 

together with the spectrum obtained for bulk g-C3N4, shown as reference signal. A low 

intensity EPR signal centered at a g-value between 2.003 and 2.005 was observed for all 

the NSs. As shown in Figure 8 and in Figure S9, the incorporation of either NaCl, KCl or 

CaCl2 had a different effect on the EPR spectrum features. In most cases a narrow, nearly 

isotropic signal is recorded. This type of signal obtained for these materials has already been 

attributed to localized unpaired electrons hosted in the p orbital belonging to a sp2 hybridized 

C atom and has been finally correlated to the formation of nitrogen vacancies.[40] When NaCl 

is used as a sacrificial template, a trend of the signal intensity with respect to the NaCl:MLM 

ratio is difficult to be outlined, due to the spread in the EPR linewidth values, in addition to 

the low intensity of the signals. As a result, a relationship between the degree of nitrogen 

vacancies and H2 production can be hardly defined in this case. However, undoubtedly the 

most intense signal comes from the g-C3N4 synthesized at a molar ratio of 30 NaCl:MLM, 

i.e. the one corresponding to the highest H2 production within the NaCl series. Opposite, 

when KCl is used as sacrificial template most of the signals shows very similar line shape 

and linewidth and a positive correlation between signal intensity - then the degree of 

vacancies - and the molar ratio KCl:MLM occurs. For this set of samples, characterized by 

the highest degree of crystallinity, the highest amount of vacancies comes from the 20:1 and 

30:1 KCl:MLM, which also had the highest H2 production values within this series (5376 and 

4429 Õmol/g/h, respectively). When CaCl2 was used as sacrificial template, all the EPR 

spectra showed a more complex and wider lineshape, generally due to the superposition of 

different contributions. This is possibly consistent with a generally ñdisorderedò environment. 

This material displays higher porosity and is more exfoliated with respect to those obtained 

with the use of NaCl or KCl as sacrificial templates and it shows the highest SSA values, too 

(see Table 1). Besides, small quantities of CaCO3 are present as impurity phases. However, 

it is worth noticing that the series obtained with CaCl2 shows the lowest N/C ratio (Table S1) 

among the investigated series of samples so it would logically present higher density of 

nitrogen vacancies. This could be consistent with the generally higher EPR signal intensity, 

related to the EPR linewidth markedly broader with respect to those observed for NaCl and 

KCl series. Only for 15:1 CaCl2:MLM a narrow signal, similar to the nearly isotropic signals 

typically recorded for NaCl and KCl series, is observed superimposed to broader lines. We 
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recall here that this is just the case showing the highest H2 production. Finally, 

measurements on the available EPR standard, carried out under the same experimental 

conditions used for the NSs, allowed us to estimate, by comparison of signal intensities, that 

the average amount of paramagnetic centres with spin s=1/2 responsible for the observed 

EPR signals is of the order of parts per million. The electrons from the localized -́conjugated 

structure cannot move freely in the whole 2D g-C3N4 plane, as they only move freely within 

the heptazine ring. This behaviour endows g-C3N4 a poor electrical and thermal conductivity, 

but good semiconducting properties such as visible light response and a much negative VB 

potential.[40a] In a photocatalytic experiment, when the g-C3N4 is irradiated, the electrons 

move from the ů-type bonds to the -́type bonds, which corresponds to the fact that 

electrons move from the VB (composed of 2s and 2p orbits of carbon and nitride atoms) to 

the CB (composed of approximate half 2p orbits of carbon atoms and nitride atoms).[40b] 

 

 

Figure 8. EPR spectrum of the CNC NSs with MClx:MLM molar ratio corresponding to the highest 

H2 production for each sacrificial template: a) NaCl, b) KCl and c) CaCl2. The spectrum of the bulk 

g-C3N4 is reported in each figure as reference signal (black line). 
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3. CONCLUSION 

Different carbon nitride compounds (CNCs) were synthesized using MLM and different 

molar ratios of NaCl, KCl and CaCl2 as sacrificial templates. The incorporation of each salt 

(MClx) had a different effect on the morphological, optical and structural properties of the 

CNCs and consequently in the performance of the photocatalyst for H2 production. The use 

of NaCl and CaCl2 as sacrificial templates led to the production of exfoliated g-C3N4, 

whereas KCl induced the formation of poly(heptazine imide). SEM and TEM micrographs 

showed an evident change in the morphology by changing the template. Nevertheless, all 

the samples show a higher exfoliation degree by increasing the MClx:MLM molar ratio. A 

shift of the optical absorption threshold was observed with respect to the bulk g-C3N4, with 

the addition of NaCl and KCl producing a very small red shift, while CaCl2 led to a reasonably 

small blue shift. A reduction of photoluminescence decay was also observed for all samples. 

EPR and FTIR experiments indicated the formation of vacancies or cyano groups, which 

play a crucial role in the performance of the CNCs for H2 production. The highest H2 

evolution rates observed were about 5380 Õmol g-1 h-1 using KCl and 3140 Õmol g-1 h-1 using 

NaCl, with a significative improvement achieved using CaCl2 as the template (7657 Õmol g-

1 h-1), most probably related to the superior porosity and surface area of these specimens. 

This work has provided further evidence for r the synthesis of inexpensive, safe and highly 

performance photocatalysts for H2 production under solar radiation. Further work will be 

addressed to their application for green H2 production under sustainable conditions. 
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4.EXPERIMENTAL SECTION 

Synthesis of bulk CNCs and CNC nanosheets  

CNC NSs were synthesized by the thermal polymerization of MLM (Sigma Aldrich, 99 %) in 

the presence of a metal halide salts, namely NaCl (Sigma Aldrich, 99 %), KCl (Sigma Aldrich, 

99 %) or CaCl2Å2H2O (AlfaAesar, 99 %). Before use, the salts were dehydrated in a furnace 

at 120ÁC for 24 h. Different molar ratios of the metal chloride (MClx) to melamine, MClx:MLM, 

(5:1, 10:1, 15:1, 20:1 and 30:1) were tested. The MClx and the MLM were finely ground and 

mixed using a pestle and a mortar and placed in an alumina crucible. Thermal polymerization 

was carried out under N2 atmosphere at 550Á C, 4Á C min-1, 4 h dwell and allowed to cool 

down. The g-C3N4 was added to 80 mL of DI water and sonicated for 20 minutes to dissolve 

the salts. The suspension was filtered and rinsed thoroughly using DI water. All samples 

were dried at 65Á C for 6 hours and finely ground in a mortar. As a reference material, bulk 

g-C3N4 was synthesized by polymerization of MLM using the same thermal treatment without 

the incorporation of MClx during the synthesis.  

Characterization  

The crystal structure of the samples was acquired at room temperature Cu-radiation X-ray 

diffraction (XRD) using a Bruker D2 diffractometer. Diffuse reflectance spectroscopy spectra 

were obtained in the wavelength range 250-850 nm using a Jasco V-750 spectrophotometer, 

equipped with an integrating sphere (Jasco ISV-922). Microstructural characterization of the 

samples was achieved via a high-resolution scanning electron microscope (SEM, TESCAN 

Mira 3) operated at 20 kV. Specific surface area was determined out via Brunauer, Emmett 

and Teller (BET) single point method (Flowsorb II 2300, Micromeritics, US). Each sample 

was weighed (~ 300 mg) were degassed at 120 ÁC for 2 hours under a continuous stream 

of a N2: He 30 : 70 mixture. Gas adsorption was then achieved by placing the sample in 

liquid nitrogen, followed by gas desorption by placing the sample in water. Three replicates 

were made for each sample. Transmission electron microscopy (TEM) micrographs of the 

CNCs were taken by a JEOL JEM-1200 EX II microscope operating at 100 kV, equipped 

with a tungsten filament as electron source. Fourier Transform Infrared (FTIR) analyses 

were conducted using a Nicolet FTIR iS10 spectrometer (Nicolet, Madison, WI, USA) 

equipped with Smart iTR with diamond plate. The analysis was conducted by collecting 32 

scans from 4 000 to 600 cm-1 and 4 cm-1 of resolution. The photoluminescence (PL) spectra 

were recorded by means of a FluorologÈ-3 spectrofluorometer (HORIBA Jobin-Yvon), 

equipped with a 450 W xenon lamp as exciting source and double grating excitation and 
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emission monochromators. All the optical measurements were performed at room 

temperature on powder dispersed samples as obtained from the synthesis without any size 

sorting treatment. The PL emission spectra were recorded by using an excitation wavelength 

of 350 nm. Time-Resolved PL (TRPL) measurements were carried out by Time Correlated 

Single Photon Counting (TCSPC) technique, with a FluoroHub (HORIBA Jobin-Yvon). CDs 

solutions were excited using 80 ps laser diode sources at 375 nm (NanoLED 375L). Time 

resolution was Ḑ300 ps for all the measurements. Surface chemical composition was 

investigated by X-ray photoelectron spectroscopy (XPS) analyses with a PHI 5000 Versa 

Probe II spectrometer (Physical Electronics) equipped with a monochromatic Al KŬ X-ray 

source (1486.6 eV), operated at 15 kV and 24.8 W, with a spot size of 100 Õm. Survey (0ï

1400 eV) and high-resolution spectra were recorded in FAT (Fixed Analyser Transmission) 

mode at a pass energy of 117.40 and 29.35 eV, respectively. Surface charging was 

compensated using a dual beam charge neutralization system. The hydrocarbon component 

of C1s spectrum was used as internal standard for charging correction and it was fixed at 

284.8 eV. Spectra were processed with MultiPak software (Physical Electronics). Electron 

paramagnetic resonance (EPR) experiments were conducted at room temperature by using 

a Bruker spectrometer in the X-band (about 9.46 GHz), with microwave power of 62 mW 

and a peak-to-peak modulation field of 0.05 mT. Particular care was taken in positioning the 

samples in the resonator and in determining the sample mass, which was kept around ten 

milligrams for each sample. A suitable standard (Varian Pitch, g=2.0028) was used both for 

the instrumental calibration and to estimate the number of paramagnetic centers by 

comparison of signal intensities. 

Photocatalytic hydrogen experiments 

Hydrogen evolution experiments took place in Pyrex glass containers (28 mL) containing 24 

mL of an aqueous solution 10 % (v/v) triethanolamine (TEOA, Aldrich, ² 99%) and 24 mg of 

the photocatalyst (1 g catalyst/L solution). Oxygen was removed by argon bubbling for 20 

min, then 42 ÕL of a 0.08 M H2PtCl6 solution (hexachloroplatinic acid hydrate, 38 % Pt basis, 

Sigma Aldrich) as the Pt co-catalyst precursor (in situ photodeposited on the catalyst during 

irradiation) was added to the suspension, and the photoreactors were sealed using sleeve 

stopper septa. Irradiation was performed under simulated solar light (1500 W Xenon lamp, 

300-800 nm) using a Solar Box 1500e (CO.FO.ME.GRA S.r.l.) at 500 W/m2 for 6 hours. Four 

independent experiments were performed on all samples. The headspace evolved gas was 
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quantified by gas chromatography coupled to thermal conductivity detection (GC-TCD). The 

H2 evolution is expressed as mmol per gram of catalyst per hour of irradiation (Õmol g-1 h -1).  

 

Supporting Information  

The authors added in the supporting information additional details: XRD patterns of the 

CNCs synthetized using CaCl2:MLM; SEM and TEM micrographs of the CNCs at different 

molar ratios MClx:MLM; Absorbance spectra for the CNCs; atomic percentage obtained by 

XPS of the CNCs; Hydrogen evolution rate for the CNCs; PL decay of the CNCs and EPR 

spectra of the CNCs.  
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Figure S1. XRD pattern of the a) g-C3N4 NSs synthesized using different molar ratios CaCl2:MLM 

and b) XRD pattern of the g-C3N4 NSs obtained using a 15:1 CaCl2:MLM molar ratio and the 

reference pattern of CaCO3.  

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Close up to the (001) plane of the poly(heptazine imide) synthetized using different molar 

ratios of KCl:MLM.   
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Figure S3. SEM and TEM micrographs of the bulk g-C3N4 and the g-C3N4 NSs synthetized using 

different molar ratios NaCl/MLM.  
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Figure S4. a) SEM and b) TEM micrographs showing different morphologies obtained using NaCl 

as sacrificial template. 
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Figure S5. SEM and TEM micrographs of the poly(heptazine imide) synthetized using different molar 

ratios KCl:MLM 
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Figure S6. SEM and TEM micrographs of the g-C3N4 NSs synthetized using different molar ratios of 

CaCl2:MLM 
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Figure S7. Absorbance spectra versus wavelength of the bulk g-C3N4 and the CNCs obtained using 

NaCl, KCl and CaCl2 as sacrificial templates. 

 

 

 

Figure S8. Photoluminescence decays of the bulk g-C3N4 and the CNCs obtained using NaCl, KCl 

and CaCl2 as sacrificial templates. 
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Table S1. Atomic percentages of the bulk g-C3N4 and the CNCs synthesized using NaCl, KCl 

and CaCl2 as sacrificial templates. 

  

Atomic ratios % C % N % O % Na % K % Ca % Cl N/C 

Bulk g-C3N4 38.4 60.9 0.7 - - - - 1.59 

NaCl:MLM 

5:1 43.4 45.6 6.7 4.3 - - ND 1.05 

10:1 42.1 46.1 6.8 4.9 - - 0.1 1.10 

15:1 42.0 42.6 8.6 6.6 - - 0.1 1.01 

20:1 42.3 43.5 7.9 6.3 - - <0.1 1.03 

30:1 44.7 40.2 8.4 6.4 - - 0.3 0.90 

KCl:MLM 

5:1 47.4 41.0 5.4 - 5.8 - 0.5 0.86 

10:1 40.4 50.4 3.2 - 5.9 - 0.1 1.25 

15:1 42.3 47.8 3.8 - 6.0 - 0.1 1.13 

20:1 49.2 38.3 5.8 - 6.3 - 0.4 0.79 

30:1 45.5 39.5 6.5 - 7.6 - 0.9 0.87 

CaCl2:MLM 

5:1 44.2 41.0 11.5   3.3 ND 0.93 

10:1 40.9 45.4 9.7 - - 3.8 0.2 1.11 

15:1 49.4 38.7 9.1 - - 2.8 0.1 0.78 

20:1 52.8 34.0 9.30 - - 3.8 0.1 0.64 

30:1 37.4 11.2 28.2 - - 11.9 11.3 0.30 

 

 

Table S2. Hydrogen evolution rate (HER) of the bulk g-C3N4 and the CNCs synthetized using 

NaCl, KCl and CaCl2. 

 HER (µmol g-1 h-1), n = 4 

Bulk g-C3N4 183 

Molar ratio 

(MClx:MLM) 

NaCl KCl CaCl2 

5 944 2355 2581 

10 1492 2703 6813 

15 1231 3878 7657 

20 2327 5376 5249 

30 3144 4429 2835 
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Figure S9. EPR spectra of the bulk g-C3N4 and the CNCs obtained using a) NaCl, b) KCl and c) 

CaCl2 as sacrificial templates at different molar ratios of MClx:MLM. 
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Perovskite halide vacancies are the primary reactive sites for hydrogen generation, 

withstanding a positive contribution of low loaded g-C3N4, in reducing carrier recombination. 

For nitrogen reduction, instead, the active sites are g-C3N4 nitrogen vacancies, and the 

heterojunction best performs at low perovskites loadings, as the composites maximizes light 

absorption and reduced carrier losses. 
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ABSTRACT 

 

 

Photocatalytically active heterojunctions based on metal halide perovskites (MHPs) are 

drawing significant interest for their chameleon ability to foster several redox reactions. The 

lack of mechanistic insights into their performance, however, limits the ability of engineering 

novel and optimized materials. Herein, we report on a composite system including a double 

perovskite, Cs2AgBiCl6/g-C3N4, used in parallel for solar-driven hydrogen generation and 

nitrogen reduction, quantified by a rigorous analytical approach. The composite efficiently 

promotes the two reactions, but its activity strongly depends on the perovskite/carbon nitride 

relative amounts. Through advanced spectroscopic investigation and density function theory 

modelling we studied the H2 and NH3 production reaction mechanisms, finding perovskite 

halide vacancies as the primary reactive sites for hydrogen generation, withstanding a 

positive contribution of low loaded g-C3N4, in reducing carrier recombination. For nitrogen 

reduction, instead, the active sites are g-C3N4 nitrogen vacancies, and the heterojunction 

best performs at low perovskites loadings, as the composites maximizes light absorption 

and reduced carrier losses. We believe these insights are important add-ons towards 

universal exploitation of MHPs in contemporary photocatalysis.  
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1. INTRODUCTION 

 

Photocatalytic reactions mediated by metal halide perovskites (MHPs) have become a topic 

of current interest because of the promise of improved low-cost devices for solar fuel 

production.[1ï8] Thanks to their excellent optoelectronic properties, namely tunable band gap, 

high absorption coefficient, low exciton binding energy, and high carrier mobility, MHPs were 

successfully applied to a wide range of photocatalytic reactions. Furthermore, a suitable 

band alignment of MHPs with the most common redox half-reactions allows to run both 

reduction and oxidation reactions,[1] as confirmed by the recent experimental 

demonstrations of the two most representative examples, namely hydrogen 

photogeneration and CO2 reduction.[1ï3,9ï15]  

With respect to traditional metal oxides photocatalysts, MHPs present a large chemical and 

structural variety, which allows the design and tailoring the material composition for the 

envisaged solar-drive reaction. In this respect, both lead-based and lead-free systems have 

been explored, ranging from 3D to 2D perovskites, perovskite derivatives of general formula 

A3B2X9, and A2(BBǋ)X6 double perovskites.[16ï25] 

The general strategy to realize a spatial separation of photo-excited electron-hole pairs in 

MHPs-based photocatalysts is to design suitable heterojunctions by coupling two 

semiconductors.[26,27] In addition, the second semiconductor can also act as co-catalyst to 

improve surface reaction.[28] Again, the high tunability of MHPs allows the design of materials 

with suitable conduction band (CB) and valence band (VB) offsets to achieve the 

heterojunction and to provide enough overpotential to drive the target photoreaction. 

In recent years, several type II and Z-scheme heterojunction including MHPs have been 

reported for a range of photocatalytic reactions. The partner semiconductor of choice, in 

most cases, has been graphitic carbon nitride (g-C3N4).[16ï18,29ï35] g-C3N4 is one of the most 

appealing and performing metal-free photocatalysts having a good absorption in the visible 

spectrum (band gap of about 2.7 eV), ease of preparation from cheap precursors, it is atoxic, 

and is stable in both acidic and basic media.[36] In MHPs/g-C3N4 heterojunctions, 

photogenerated electrons tend to migrate and accumulate in g-C3N4, where active sites for 

the photocatalytic reaction are present, while holes from graphitic carbon nitride migrate to 

the MHP. On the other hand, the perovskite itself can efficiently photogenerate hydrogen by 

hydrohalic acid splitting, as demonstrated in MAPbI3 (MA=methylammonium) and then in 
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other systems such as CsPbBr3.[20,37] Moving away from toxic lead, Bi-based perovskite 

derivatives were also successfully employed in heterojunctions for hydrogen 

photogeneration.[18,31,35] More recently, significant interest has been triggered by Bi-based 

double perovskites for their potential use in different photocatalytic reactions, thanks to their 

superior stability, wide compositional tunability, and good optical properties. Cs2AgBiBr6 has 

been investigated for photocatalytic CO2 reduction, where it has been found that the surface 

of the perovskites acts as reaction site in the reduction process.[23,33] Fewer reports refer to 

the hydrogen generation mediated by this double perovskites, with the NiCoP/Cs2AgBiBr6 

heterojunction representing the best report to date with about 400 ɛmol gī1 hī1 of evolved 

hydrogen under 300 W illumination at ɚ Ó 420 nm.[38] The proposed mechanism in this 

system considers an effective transfer of electrons from Cs2AgBiBr6 to the CB of NiCoP on 

which the H2 generation reaction occurs.[38] 

While there is an increasing amount of evidence about the effective role of MHPs and MHP-

based heterojunctions in running various photocatalytic processes, a detailed description of 

the reaction mechanism(s) is still lacking. For this reason, herein, we report a combined 

experimental and computational study on Cs2AgBiCl6/g-C3N4 heterojunctions which has 

been applied to run two different photocatalytic reactions: hydrogen generation and nitrogen 

reduction to ammonia, to the best of our knowledge. This last reaction has never been 

explored before in any MHP-based system. Cs2AgBiCl6 has been selected based on its 

optimal moisture stability, suitable band alignment and because it is a lead-free compound. 

The Cs2AgBiCl6/g-C3N4 composite system has been investigated in the whole weight ratio 

between perovskite and g-C3N4. We found that MHP-rich compositions perform better in the 

H2 photogeneration, while g-C3N4-rich systems are more effective in the nitrogen 

photofixation reaction. As reported above, due to the limited microscopic details about the 

photocatalytic activity of MHP-based heterojunctions, key aim of this work is to provide a 

comprehensive description of the mechanism underpinning the solar-light mediated 

reactions in terms of charge carrier dynamics and reaction active sites. This has been 

achieved through a detailed photophysical and computational modelling study on the 

prepared systems and for the two photocatalytic reactions investigated providing solid clues 

about reaction mechanisms. While the application of MHPs-based heterojunction for 

hydrogen photogeneration is now quite well established, the present work clarifies the 

suitability of such composite systems to run nitrogen reduction reaction, exploring a new 

avenue in the photocatalytic application of MHPs. 
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2. RESULTS AND DISCUSSION 

The Cs2AgBiCl6/g-C3N4 systems have been synthesized according to the experimental 

procedure reported in the Supplementary Information (SI). Weight ratios investigated 

between Cs2AgBiCl6 and g-C3N4 nanosheets are (wt% of perovskite) 100, 99, 97.5, 95, 90, 

85, 82.5, 80, 70, 50, 25, 10, 2.5, and 0. Figure 1a reports the room temperature X-ray 

diffraction patterns of some selected compositions investigated (corresponding to the best 

performances, see later in the text). 

 

 

 

ŀύ ōύ 
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Figure 1. a) XRD pattern of selected Cs2AgBiCl6/g-C3N4 composites; b) sketch of Cs2AgBiCl6 crystal 

structure where Cs+ ions are shown as green spheres, the chloride ions as orange spheres, while 

the Ag and Bi octahedra are shown as silver and purple polyhedra, respectively; c) hydrogen and 

ammonia productions as a function of g-C3N4 wt% in the composites. (n=3, simulated solar light, 500 

W m-2). 

 

In the bottom part of Figure 1a, the pattern of Cs2AgBiCl6 double perovskite is reported (with 

a sketch of its crystal structure in Figure 1b), displaying a cubic symmetry with Fm3ᵚm space 

group (#225) and a lattice parameter of 10.7761(2) ¡, in agreement with previous results.[39] 

Figure S1 shows a comparison between experimental and calculated pattern for 

Cs2AgBiCl6. At the top of Figure 1a, the X-ray pattern of pure g-C3N4 nanosheets is reported 

showing the typical broad peaks around 13Á and 28Á corresponding to the (100) and (002) 

reflections.[40] The patterns of the composites (cfr. Figure 1b) are dominated by perovskite 

reflections at high wt% of Cs2AgBiCl6 and the reflections of g-C3N4 start to be evident around 

50 wt%. Also, at 10 wt% of perovskite its pattern is still clearly detectable, due to its high 

scattering power with respect to g-C3N4. Morphological inspection of Cs2AgBiCl6, g-C3N4, 

and selected composites has been carried out by Scanning Electron Microscopy (SEM) and 

the results are reported in Figure S2. g-C3N4 nanosheets have been also characterized by 

Transmission Electron Microscopy (TEM) and representative images showing their 

Ŏύ 
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nanostructure are shown in Figure S3. Finally, elemental mapping through energy-

dispersive (EDS) x-ray spectroscopy has been carried out for the composite with 10wt% of 

Cs2AgBiCl6 as an illustrative example and is reported in Figure S4, further confirming the 

formation of a composite between the two semiconductors.  

Figure 1c reports the results in terms of hydrogen and ammonia evolution rates (top and 

bottom graphs, respectively), expressed as ɛmol g-1 h-1, obtained by photocatalytic 

experiments under simulated solar light (for details see Experimental section).  The two 

production rates follow opposite trends as a function of composition, with perovskite-rich 

samples performing better for the hydrogen generation and perovskite-poor ones running 

the nitrogen reduction more efficiently. The trend of hydrogen evolution rate (HER), deriving 

from HCl splitting, steeply increases from pure Cs2AgBiCl6 to the composite including 10wt% 

of g-C3N4, reaching a value of 625 ɛmol g-1 h-1 which is more than double with respect to 

pure perovskite. Note that pure g-C3N4, under these reaction conditions, provide an HER of 

4 ɛmol g-1 h-1. The reported data confirm a synergistic effect of the composite in enhancing 

the photocatalytic HCl splitting ability of Cs2AgBiCl6, thanks to the formation of an effective 

heterojunction (see later in the text). The present results, while being the first related to the 

hydrogen generation by Cs2AgBiCl6, can be compared to analogous sytems involving 

double perovskites. To date, only the HBr splitting by Cs2AgBiBr6 has been explored in 

heterojunctions with reduced graphene oxide, NiCoP or nitrogen-doped carbon.[38,41,42] The 

best HER has been reported for the Cs2AgBiBr6/2.5%RGO system providing around 490 

ɛmol g-1 h-1 of hydrogen under solar illumination in HBr employing a 300 W illumination and 

with an apparent quantum efficiency (AQE) of 0.16%.[41] The present Cs2AgBiCl6/10% g-

C3N4 composite, with an AQE of 2.3% (under 500 W illumination), lead to a high hydrogen 

photogeneration of about 625 ɛmol g-1 h-1 indicating an effective HCl splitting by a lead free 

double perovskite which is comparable to the data reported for HBr or HI reported so far but, 

clearly, is more appealing from an applicative point of view being the hydrogen evolved in 

HCl.[9] 

The reduction of nitrogen to ammonia, as mentioned, follows a different trend with respect 

to the composition (Figure 1c), with a gradual increase of the NH3 generation rate starting 

from pure Cs2AgBiCl6 up to the Cs2AgBiCl6/90% g-C3N4 composite, reaching a maximum 

value of about 40 ɛmol g-1 h-1. Pure g-C3N4 nanosheets or lower amounts of perovskite in 

the composite (see the point at 5wt%) perform significantly less effectively. Also in this case, 

by looking at the nitrogen fixation results of the pure compounds, it is possible to unveil an 
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effective synergy between the two semiconductors. As mentioned, there are no previous 

reports about nitrogen reduction by an MHP-based heterojunction. However, g-C3N4 has 

been reported as a suitable material for this reaction, in particular thanks to the presence of 

nitrogen vacancies.[43,44] Therefore, g-C3N4 nanosheets used to prepare the present 

samples have been synthesized to promote the presence of such defects (see Experimental 

Section), as determined by Electron Paramagnetic Resonance (EPR) experiments (see 

Figure S5). The presence of nitrogen vacancies result in the appearance of an EPR signal 

related to the number of unpaired electron directly correlated to the defect formation.[44] The 

presence of nitrogen vacancies was further confirmed by x-ray photoelectron spectroscopy 

(XPS) carried out on a bulk sample of g-C3N4 and on the present nanosheets. The N/C ratio 

decreased from 1.59 to 1.15 further confirming the formation of nitrogen vacancies.[45] 

From a quantitative point of view, previously reported NH3 production rates of pure g-C3N4 

or of heterojunctions including g-C3N4, are higher than those obtained here. However, it is 

important to stress a delicate point related to the method employed to measure the 

photogenerated NH3. Currently, most of the reports about ammonia production by nitrogen 

fixation make use of colorimetric methods which are known to be possibly affected by 

several interfering compounds, in particular in presence of a sacrificial agent (which should 

be removed according to ref. 46 before the analysis) and when employing catalysts 

containing nitrogen.[46,47] In the present paper, we devised and optimized an analytical 

method based on ammonia ion selective electrode (ISE, for the details see the Experimental 

Section) to determine the produced ammonia, thus the efficiency of the nitrogen reduction 

reaction.  The ammonia ISE method was preferred to the colorimetric ones (Nesslerôs 

reagent method and indophenol blue method) as it is highly sensitive and selective in 

controlled experimental conditions (temperature, stirring rate, pH, ionic strength, 

equilibration time) and not affected by the sacrificial agents and/or by-products.  

The results reported above demonstrate the suitability of the novel Cs2AgBiCl6/g-C3N4 

system for the photocatalytic hydrogen and ammonia production, also showing a different 

trend in the production rates as a function of composition. To understand the mechanisms 

underpinning the two reactions and the charge carrier dynamics, we afforded a detailed 

spectroscopic and computational modelling work.  

The UV-Vis absorption spectra and the Tauc plots for the samples of the novel Cs2AgBiCl6/g-

C3N4 composite are shown in Figure S6. The band gap of Cs2AgBiCl6 is 2.67 eV while that 

of g-C3N4 2.78 eV, in agreement with previous reports.[39,40] According to the relative weight 
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ratio in the composite, the gap lies closer to that of the perovskite or the carbon nitride, 

without significant variations between the values of the two pure compounds.  

The normalized photoluminescence spectra of the Cs2AgBiCl6/g-C3N4 systems are reported 

in Figure 2. The emission is dominated by the broad and intense features of graphitic carbon 

nitride, even at very high perovskite loading. Such broad spectra, that completely covers the 

weak perovskite emission, derive from the superimposition of multiple electronic 

transitions.[48] In particular, three transitions have been modeled in pristine g-C3N4: a high 

energy one, centered at around 444 nm, which derives from the relaxation of ŭ* electrons to 

the LP state, and two low energy transitions centered at 455 and 505 nm. To access these 

low energy transitions a non-radiative mechanism to populate the *́ state is required, thus 

the structure of the broadband spectrum depends on the efficiency of this process. In 

previous works, the interplay between the density of defects and the non-radiative 

population of *́ state have been studied and related to the photocatalytic properties of g-

C3N4.[48] Composites with lead-free perovskite have also been investigated, with particular 

focus on population of non-radiative states and its impact on  photocatalytic efficiency.[18]  

 

Figure 2. Emission spectra of Cs2AgBiCl6/g-C3N4 composites powders at different percentages of 

perovskite loading (wt%). g-C3N4 and Cs2AgBiCl6 refer to pristine materials. ɚex = 375 nm. Inset: 

zoom on an interesting spectral zone. PVK stays for Cs2AgBiCl6. 

 



84 

 

Despite the dominative behavior of the graphitic carbon nitride emission, a close inspection 

of the spectral region around the emission band peak (inset of Figure 2), shows that for low 

loading of perovskite in the composites there was a reduction of low-lying sub-band 

population, as the emission displays a stronger contribution from the high energy transition. 

Conversely, by increasing the perovskite content, the low energy transitions became more 

and more pronounced. In Figure 2 we reported only representative samples, but the 

composite 90-10 Cs2AgBiCl6-g-C3N4 with the best HER performance was also the sample 

with the weaker contribution to the broad band by the ŭ* ­ LP state transition. These 

observation points out on the effect of perovskite inclusion in funneling optical excitations to 

the sites where they can be exploited in photocatalytic processes.  To further deepen the 

relations between the excited state dynamics and Cs2AgBiCl6/g-C3N4 composition 

Differential Transmission (DT) measurements were also performed. Optical excitations were 

injected with 100-femtosecond laser pulses, 360 nm in wavelength and 1kHz in repetition 

rate. A white light supercontinuum was employed as broadband probe (see Supporting 

Information for experimental details). DT was directly performed on the solutions, with the 

same concentration used for photocatalytic studies, i.e. 1g/L in the case of H2 production 

(Fig. 3a) and 0.5 g/L in the case of NH3 production (Fig. 3b). 

 

 

Figure 3. a) Results ranging from 100% Cs2AgBiCl6 perovskite (black line) to 100% g-C3N4 (yellow 

line), with the 90-10 PVK-gC3N4 case corresponding to the best HER. B) Results ranging from 100% 

Cs2AgBiCl6 perovskite (black line) to 100% g-C3N4 (light-blue line) highlighting the one with 10-90 

PVK-gC3N4, corresponding to the best nitrogen reduction. Spectra are reported on the same scale, 

with zero offset for better readability, with dashed horizontal lines representing the zero for the 

spectrum of the same color. PVK stand for Cs2AgBiCl6. 
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Full spectrograms obtained from a DT measurement are reported in Figure S7, while 

relevant DT spectra extracted at 1 ps delay are reported in Fig. 3. The DT spectrum for the 

pure perovskite sample is characterized by a broadband photoinduced absorption feature, 

due to absorption from excited states. The 90-10 Cs2AgBiCl6-g-C3N4 composite optimized 

for H2 generation has an enhanced photoinduced signal with respect to the 100% perovskite 

sample. This suggests that g-C3N4 helps in keeping optical excitations in the perovskite and 

the HER happens at perovskite sites. 

On the other hand, in samples optimized for nitrogen reduction, shown in Figure 3b, the 

signal is maximum in the case 10-90 Cs2AgBiCl6-g-C3N4, which is the one giving the highest 

NH3 production rate. Opposite to what inferred from Figure 3a, in this case the response is 

the analogous to that of g-C3N4, but with an enhanced signal. This suggests that ammonia 

generation happens at graphitic carbon nitride sites, but the concentration of optical 

excitations in carbon nitride and thus the ammonia generation rate are enhanced by the 

presence of perovskite with respect to pure g-C3N4. 

As a general observation, the combination between g-C3N4 and the perovskite enhances 

the DT signal of the component actively involved in the reaction. Measurements were 

repeated for different compositions, and the maximum value of the DT signal was extracted 

for the two different features of the spectrum, i.e., the one at 500-520 nm and the one at 

630-650 nm, as reported in Figure 4. In the case of composites optimized for HER, the 

spectrum mainly consists of photoinduced absorption (negative DT, thus positive differential 

absorption DA=-DT) and evolves on a picosecond timescale, as shown in Figure 4a.  
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Figure 4. a) Maximum of DA (DT with a minus sign) extracted at 1ps time delay for different 

composites as a function of g-C3N4 amount; b) Maximum of DT extracted at time delay >1ns. The 

colors of markers are indicating the DA (DT) wavelength ranges 500-520 nm region (blue) and 630-

650 nm (red). The insets show the linear correlation between DT peaks amplitude and production 

rates, with R2 linear correlation coefficients, with the same color legends as the main plots. 

 

Interestingly, the trend of the DA signal as a function of composition was closely related to 

the trend of HER efficiency. In the case of composites optimized for ammonia generation, a 

relevant correspondence was found instead between the NH3 production efficiency and the 

peak of DT signal at long time delay (above 1ns), as shown in Figure 4b. This observation 

confirms that for NH3 production photoinjected carriers, which are always generated in the 

perovskite, are transferred to the g-C3N4, where the ammonia evolution reaction occurs, 

within a nanoseconds timescale. Additional relevant data reporting the whole DT decay for 

different compounds and spectra extracted at longer time delay can be found in Supporting 

Information (Figures S8 and S9). 

We performed density functional theory (DFT) calculations to rationalize the trends in 

hydrogen and ammonia production rates with varying g-C3N4 concentration, Figure 1c. All 

calculations have been carried out at high level of accuracy using hybrid PBE0 functional 

for geometry optimization with refined HSE06+SOC calculations for single point energies, 

as summarized in the Computational Details section. We start with consideration of the pure 

Cs2AgBiCl6 phase. Notably, the standalone Cs2AgBiCl6 generates a substantial amount of 

hydrogen, Figure 1c. Recent studies have pointed out halide vacancies as potential defects 

controlling the hydrogen production in the bromide-based analogue Cs2AgBiBr6.[49,50] 

Theoretical studies further showed low formation energies of chloride vacancies, VCl, in 
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Cs2AgBiCl6 bulk phases.[51] We modeled chloride vacancies in different charge states at a 

(001)-surface of Cs2AgBiCl6 with (Ag0.5Bi0.5)Cl2-termination, see Figure S10 and Table S2. 

Our calculations predict deep (+/-) transition levels for a surface VCl at 1.7 eV above the 

valence band maximum, see Figure 5a. VCl in its negative charge state forms a stable Bi-Ag 

dimer by trapping 2 electrons, see Figure 5d and Figure S11. These electrons are localized 

at surface defects and likely are key for the hydrogen evolution, as previously reported for 

Sn-Sn dimers in tin-halide perovskites.[15] The respective (+/-) transition further matches 

fairly with the experimental photoinduced signals, Figures 3a and 4a. Furthermore, our DFT 

calculations predict the formation of self-trapped excitons, see Figure S12 and Table S3, 

being - together with emission from halide vacancies - responsible for the broad emission 

features in the pure Cs2AgBiCl6 phase, Figure 2, in line with previous reports.[52ï54]  

To rationalize the trend in HER, we study the band alignment of the g-C3N4/Cs2AgBiCl6 

heterostructure for the Cs2AgBiCl6 with and without the g-C3N4 monolayer adsorbed, 

representative for the low and high-wt% of g-C3N4 regions, respectively; see Figure 5a and 

Figure S13 for model setup. The band edges of Cs2AgBiCl6 at the g-C3N4 /Cs2AgBiCl6 

interface appears favorable for charge separation, as the conduction band minimum (CBM) 

of g-C3N4 lies energetically lower (3.27 eV) than the one of g-C3N4 /Cs2AgBiCl6 (2.86 eV), in 

line with the density of states of the heterostructure model, Figure S13c. This results in 

electron transfer from the perovskite absorber to g-C3N4. Moreover, a large offset in band 

edges of the g-C3N4/Cs2AgBiCl6 to the Cs2AgBiCl6 itself is present, suggesting a driving 

force for electrons from the interface to the Cs2AgBiCl6 bulk. Increasing the amount of g-

C3N4 may consequently increase the lifetime of charge carriers due to efficient charge 

separation, but also suppresses the formation of STEs as seen experimentally, Figure 2, 

resulting in the increase in HER, Figure 1c. 

Our DFT calculations of the g-C3N4/Cs2AgBiCl6 heterostructure shows a strong binding of 

the g-C3N4 on the (Ag0.5Bi0.5)Cl2-terminated Cs2AgBiCl6 surface with a formation energy of -

4.22 eV/nm2, mediated by formation nitrogen-metal bonds with average bond length of 3.09 

and 3.23 ᴠ for N-Ag and N-Bi, respectively, see Figure 5b. Consequently, reactive VCl 

surface sites are passivated upon increase of g-C3N4 and further proton transport to the 

Cs2AgBiCl6 surface may be effectively hindered, reducing the evolution of H2. Note that 

already a small wt% of g-C3N4 may be sufficient to cover the Cs2AgBiCl6 surface to a large 

extent, as we estimated from a toy model based on geometrical considerations, see Figure 

S14. Controlling the wt% of g-C3N4 consequently results in an ideal composition that 
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balances efficient charge separation and carrier lifetime as well as the access to active 

catalytic sites, thereby maximizing the hydrogen evolution rate.  

 

Figure 5. a) Band alignment of g-C3N4, Cs2AgBiCl6 and the g-C3N4/Cs2AgBiCl6 interface. H+/H2 and 

N2/NH3 redox levels as well as thermodynamic transition levels for the nitrogen vacancy, VN, and the 

chloride vacancy, VCl, are explicitly visualized in the respective phases. Values are referred to the 

vacuum level; b) Optimized g-C3N4/Cs2AgBiCl6 interface reporting the average bond lengths for N-

Ag and N-Bi; c) Isodensity plot of the unoccupied state of the neutral nitrogen vacancy VN responsible 

for electron trapping in the g-C3N4; d) Isodensity plot of the localized state related to the negatively 

charged VCl
-, resulting in the formation of a Ag-Bi dimer with 2.75 ᴠ bond length. 

 

Considering the rate of NH3 production, we observe a different trend compared to H2 

production, Figure 1c. Initially, the presence of g-C3N4 alone is sufficient to generate few 

amounts of NH3. Considering the band alignment, electrons should jump from the 

Cs2AgBiCl6 to the g-C3N4. As potential active sites, we calculate the formation of nitrogen 
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vacancy in g-C3N4, resulting in VN
0 formation energies of 3.36 eV, see Table S5,  which is  in 

good agreement with previous studies.[55ï57] The nitrogen vacancy introduces localized 

energy levels within the band gap, see Figure S15, and introduces a (0/-) transition at 1.56 

eV, see Table S5. Importantly, the (0/-) level of nitrogen vacancies are close to the redox 

potential for N2/NH3 (reported by dashed line), suggesting a plausible way for the initial steps 

in the photofixation mechanism. Upon addition of Cs2AgBiCl6, the catalytic activity is 

enhanced which we may attribute to the superior absorbance of the Cs2AgBiCl6 perovskite. 

At highest perovskite concentration, surface defects of the Cs2AgBiCl6 likely compete with 

the electron transfer to g-C3N4, limiting NH3 production. This observation highlights the 

delicate balance required for optimal performance in the heterostructure system, requiring 

a fine tuning of the heterostructure composition.  

 

3. CONCLUSIONS 

Cs2AgBiCl6/g-C3N4 heterojunctions for hydrogen photogeneration and nitrogen reduction to 

ammonia have been investigated through advanced spectroscopy and computational 

modelling, aiming at unveiling the mechanism of these reactions. TAS provided detailed 

information on the charge carried dynamics in the heterojunction indicating that for high 

perovskite amounts (best performing compositions for H2 photogeneration) the optical 

excitations are confined on the Cs2AgBiCl6, where the reaction occurs. The opposite 

situation is found for low Cs2AgBiCl6 (high g-C3N4) containing systems (best performing 

compositions for nitrogen reduction) where the typical DT signal of g-C3N4 results to be 

enchanted. This finding suggests that active sites for ammonia production are confined in 

the carbon nitride. The trend of DA signal as a function of the composition well follows the 

trend of the two photocatalytic reactions. DFT calculations show that the active sites for HER 

are of chloride vacancies, VCl, and that the coupling to g-C3N4, thanks to a favorable band 

alignment at the interface, increases the lifetime of charge carriers and suppress STE of 

Cs2AgBiCl6. The positive effect of the heterojunction formation in promoting hydrogen 

photogeneration is however progressively lost by increasing the amount of g-C3N4 due to a 

passivating effect of the VCl. Such mechanistic insight correlates well with the trend of HER 

of the Cs2AgBiCl6 /g-C3N4 heterojunction and confirms the active role of the perovskite in 

this reaction. On the other hand, DFT calculations confirm the role of nitrogen vacancies as 

the active sites for nitrogen reduction. Herein the positive effect of small perovskite amounts 
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is mostly related to its superior light absorbance, while further increase of 

Cs2AgBiCl6amounts progressively reduces the ammonia generation rate promoting the 

charge funneling towards perovskite active sites, in good agreement with experimental 

results.  

Overall, this study on photoactive heterojunctions including a perovskite and graphitic 

carbon nitride provides a detailed microscopic insight into the reaction mechanisms, pointing 

out the key role of the heterostructure composition tuning tailoring different photocatalytic 

reactions. 
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4. EXPERIMENTAL SECTION 

Sample Synthesis, Structural and Morphological Characterization 

Nanosheets g-C3N4 has been synthesized from the bulk form (bulk g-C3N4) with a 

polymerization of Dicyandiamine DCD (NH2C(=NH)NHCN, Aldrich, 99%) by the following 

thermal treatment under N2 flux: heating (1 ÁC min-1) to a selected temperature of 550 ÁC, 

the isothermal step for 4 hours followed by cooling to room temperature (10 ÁC min-1). The 

synthesis was carried out in a partially closed alumina crucible. The thermal exfoliated 

catalyst (nanosheets) was prepared by heating to a selected temperature of 500 ÁC with an 

isothermal step for 2h the bulk g-C3N4 in air. The Cs2AgBiCl6/nanosheets g-C3N4 composite 

has been synthesized dissolving a stoichiometric ratio of the precursor salts AgCl (Aldrich 

99%), BiCl3 (Aldrich 99%) and CsCl (Aldrich 99%) in organic solvent N,N-dimethylformamide 

(DMF) and dried under vigorous stilling at 65 ÁC. This polar solvent can dissolve most 

organic and inorganic salts and may be suitable for the cations that are insoluble in HCl. The 

composites series have been realized changing the percentage of the perovskite 

(Cs2AgBiCl6) and the nanosheets g-C3N4 (g-C3N4 ns) in the composites: 100% Cs2AgBiCl6, 

90% Cs2AgBiCl6 -10% g-C3N4, 80% Cs2AgBiCl6 -20% g-C3N4 ns, 50% Cs2AgBiCl6 -50% g-

C3N4 ns, 30% Cs2AgBiCl6 -70% g-C3N4 ns, 10% Cs2AgBiCl6 -90% g-C3N4 ns. The crystal 

structure of the samples has been characterized by room temperature Cu-radiation XRD 

acquired with Bruker D2 diffractometer. DRS spectra were acquired in the wavelength range 

300-800 nm directly on the powders by using a Jasco V-750 spectrophotometer, equipped 

with an integrating sphere (Jasco ISV-922). Microstructural characterization of the samples 

was made using a high-resolution scanning electron microscope (SEM, TESCAN Mira 3) 

operated at 25 kV. 

 

Hydrogen Evolution Experiments 

H2 evolution experiments were conducted in 37% HCl-50% H3PO2 (5:1, v/v) solutions 

(concentrated acids were from Aldrich) irradiated in Pyrex glass containers (36 mL capacity, 

24 mL sample). After addition of the catalyst (1 g L-1), the sample was deoxygenated by Ar 

bubbling (20 min) to obtain anoxic conditions and irradiated under magnetic stirring for 4 

hours. Chloroplatinic acid (H2PtCl6, 38% Pt basis) was added as precursor for metallic Pt 

(Aldrich). Since Pt is in situ photodeposited on the catalyst surface, after Ar bubbling a small 

volume from a 14 g L-1 H2PtCl6 aqueous solution was added by a 10-100 µL micropipette to 
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the catalyst suspension, corresponding to 3% w/w Pt. Each photoreactor was closed with 

sleeve stopper septa and irradiated, as described in the following, achieving simultaneous 

Pt deposition and H2 production.[58] 

Irradiation was performed under simulated solar light (1500 W Xenon lamp, 300-800 nm) 

using a Solar Box 1500e (CO.FO.ME.GRA S.r.l., Milan, Italy) set at a power factor 500 W 

m-2, and equipped with UV outdoor filter made of IR-treated soda lime glass. Triplicate 

photoproduction experiments were done on all samples. The headspace evolved gas was 

quantified by gas chromatography coupled with thermal conductivity detection (GC-TCD), 

as detailed in previous work.[59] The results obtained in terms of H2 evolution rate (HER) are 

expressed in the paper as µmol of gas per gram of catalyst per hour (µmole g-1 h-1). The 

kinetics of H2 formation, studied for the best performing composite through duplicate 

experiments, is reported in Figure S16. The photon flux, measured as previously reported[60], 

was 1.53 ³ 10-7 photons moles s-1. The apparent quantum yield (AQY), calculated as the 

percent ratio H2 moles/incident photons moles59, was 2.3% for the composite giving the 

highest H2 evolution.  

 

Nitrogen Photofixation Experiments  

N2 photofixation experiments were conducted in tridistilled water containing 10% (v/v) 

methanol (Aldrich, Ó99.9%) irradiated in Pyrex glass container (250 mL capacity, 100 mL 

sample). After addition of the catalyst (0.5 g L-1), the sample suspension was deoxygenated 

by N2 bubbling (45 min) to obtain a saturated solution and then irradiated under magnetic 

stirring for 3 hours maintaining the temperature at 15ÁC. For the experiments involving use 

of 1 % w/w Pt co-catalyst, the same Chloroplatinic acid (H2PtCl6, 38% Pt basis) was added 

as precursor for metallic Pt (Aldrich). The quantification was performed with ammonia ion 

selective electrode, as reported below. 

 

Ammonia Determination 

The Thermo Scientific Orion Ammonia Ion Selective Electrode (ISE) was selected as it 

measures ammonia ions in aqueous solutions quickly, simply, economically, and accurately.  

The ammonia ISE uses a hydrophobic gas-permeable membrane which separates the 

sample solution from the electrode filling solution. Water does not wet the membrane and 

does not penetrate the holes, whereas the dissolved ammonia in the sample solution 
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diffuses through the membrane until the partial pressure of ammonia is the same on both 

sides of the membrane. In any sample the partial pressure of ammonia is proportional to its 

concentration.  

Daily freshly tridistilled water46, free of volatile amines that can positively interfere with the 

measurements, was used for all standards and samples. The pH of all standards and 

samples was adjusted above 11 with a strong base (10 N NaOH) to quantify ammonia in its 

uncharged form, viz. NH3(aq). Standard solutions and samples had ionic strength < 1 M with 

about the same level of ions and dissolved species. The ionic species cannot cross the 

membrane but can change the solubility of ammonia and/or form metal complexes. Most of 

metals are removed in the form of hydroxide complexes or precipitates in the basic solution.  

All measurements were performed in a beaker with minimized surface area/volume ratio, at 

a uniform and moderate rate, under controlled temperature. Since a change in temperature 

can cause a change of the slope and potential, a piece of insulating material, e.g., ceramic 

or cardboard, was placed between the magnetic stirring plate and beaker to prevent 

measurement errors from transfer of heat to sample.   

In details, ISE was immersed in the solution (standard or sample, 1% v/v 10 N NaOH, 10% 

v/v MeOH) until a stable potential value (mV) was obtained (at least 2 or 3 minutes). For the 

quantification, a calibration curve was daily constructed plotting the mV value recorded 

against the Log Concentration, to verify the slope (varying in the range - 54 õ -60 mV). The 

ammonia concentration in the sample was further assessed by two standard additions. 

Figure S17 reports an example of mean calibration curve (0.25 mg L-1 õ 10 mg L-1 as NH3). 

The influence of different parameters was carefully investigated to exclude any possible 

interferences on the quantification of ammonia in solution. Sample colour and turbidity did 

not affect the ISE quantification, as experimentally verified by measurements on both filtered 

and not-filtered samples obtaining not significantly different NH3 concentrations (p < 0.05). 

Therefore, the final method was applied to not filtered samples. On the contrast, coloured 

or cloudy solutions lead to an overestimation of the NH3 concentration in spectrophotometric 

assays. The effect of methanol, used as sacrificial agent, and its by-products, namely 

formaldehyde and formic acid, was evaluated by constructing calibration curves. 

Accordingly, standard solutions were prepared in presence of MeOH in the range 1 õ 20 % 

v/v, HCHO in the range 0.01 mg L-1 õ 10 mg L-1 and formic acid 0.001 õ 0.1 % v/v, 

respectively. The slope of each curve was compared with the one obtained in ultrapure 

water, achieving not significantly different values (p < 0.05). On the contrary, when using the 
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colorimetric Nesslerôs reagent method, methanol interferes heavily, resulting in an 

overestimation of the NH3 concentration46, and herein experimentally verified. 

 

Ag and Bi leaching tests 

The leaching tests were performed by dispersion of the perovskite powder in distilled water, 

under magnetic stirring for 4 h. Then the suspension was filtered on 0.2 Õm nylon membrane 

and the amount of Ag and Bi in solution was determined by ICP-OES, after acidification (1% 

v/v ultrapure nitric acid). The Cs2AgBiCl6 perovskite resulted stable, with a leaching < 0.1 % 

for Ag and < 0.05 % for Bi. As silver could interfere by complexing ammonia, leaching tests 

were also performed on all the g-C3N4/Cs2AgBiCl6 composites, highlighting a negligible Ag 

release (< 0.9 %) also for the best performing material with negligible complex formation, 

further confirmed by ISE measurements, in NaOH/EDTA in place of NaOH solution.   

 

Ultrafast spectroscopy measurements 

Differential Transmission (DT) measurements were performed on the composite solution in 

a pump and probe configuration. Ti:Sapphire laser (Libra ï Coherent) delivering 100-fs 

pulses at 800nm with 1kHz repetition rate is sent to a tunable parametric optic amplifier  

(TOPAS - Light Conversion) to get pulses at the chosen excitation wavelength (360nm). The 

measurement is performed with two different configurations to explore two different delay 

range:  

π Helios (Ultrafast Systems) with optical delay line (max 8 ns delay), where 

supercontinuum white probe pulses are derived by focusing the 800nm laser on a 

Sapphire crystal, thus allowing for sub-ps resolution.  

π EOS (ultrafast Systems) with digitally controlled delay (max 1ms delay), with white 

probe pulses generated by means of a fibre laser. 

DT transmitted and reference spectra are collected with two spectrometers coupled to 

CMOS detectors, in differential configuration. The samples are analysed in form of solution, 

which is first sonicated for 15 minutes and then poured into a 1-mm thick quartz cuvette. 

The concentration of the composites is the same used for the photocatalytic measurements, 

i.e. 1g/L in the case of HER and 0.5g/L in the case of NH3 photofixation. 
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Density functional theory calculations 

Computational Details 

Density functional theory (DFT) calculations have been carried out for the Cs2AgBiCl6 and 

g-C3N4 phases, the interface, and defect in the supercell approach. Ionic positions were 

optimized using the CP2K software package using the PBE0 exchange-correlation 

functional, and by including DFT-D3 dispersion corrections.[61ï64] For g-C3N4, we employ an 

orthorhombic 2Ĭ2Ĭ2 supercell with a=7.08 ¡, b=12.27 ¡, c=6.97 ¡; for Cs2AgBiCl6, we use 

the cubic phase with a=b=c=10.77 ¡.[17,39] In all cases, geometry optimization was carried 

out at the ũ-point of the Brillouin zone. We used the Goedecker-Teter-Hutter (GTH) norm-

conserving pseudopotentials and MOLOPT double-zeta Gaussian basis sets.[65,66] The 

auxiliary density matrix method has been used to accelerate calculations with the hybrid 

PBE0 functional.[67] 

To refine the defect formation energies and thermodynamic ionizations levels, single point 

DFT calculations were carried out using the hybrid HSE06 functional with inclusion of spin 

orbit coupling (SOC) corrections on the optimized geometries within the Quantum Espresso 

software package.[68] Screening of the fraction of exact exchange of the Cs2AgBiCl6 shows 

best agreement at a value of Ŭ=0.31 with the experimental values, as shown in Table S1. All 

calculations were carried out at the ũ point of the Brillouin zone, using norm conserving full 

relativistic pseudopotentials with electrons from Cl 5s, 5p; Cs 5s, 5p, 6s; Ag 5s, 5p, 4d; and 

Bi 6s, 6p, 5d shells explicitly included. Plane-wave basis set cutoffs for the smooth part of 

the wave functions and the Fock grid of 40 and 80 Ry, respectively, were chosen. Dispersion 

corrections were accounted for using the D3 scheme. 

Defect formation energies (DFEs) and thermodynamic ionization levels (TILs) were 

calculated within the supercell approach following the expressions:  

 $&%8 Ὁ8 ὉÐÒÉÓÔÉÎÅὲ‘ ή‐ ‐  Eq (1) 
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where E[Xq] is the energy of the supercell with defect X in the charge state q, E(pristine) is 

the energy of the pristine (non-defective) supercell. ni and ɛi are the number and the 

chemical potentials of the species added or subtracted, respectively and ŮVB is the valence 

band energy of the pristine system.[69] The last two terms of Eq (1) represent the energy to 

the exchange electrons with the Fermi level of the system (ŮF). 

Model setup 

Firstly, we optimized the pristine structure of g-C3N4 using a 3x2 supercell, see Figure S10a. 

The monolayer was cut along the (001) direction, and an additional 15 ¡ of vacuum was 

added perpendicular to the monolayer to prevent interactions with periodic replicas. 

Similarly, we optimize a slab model of the double perovskite Cs2AgBiCl6 using a 2Ĭ2 in-

plane supercell, with (001) direction, and added 15 ¡ of vacuum to maintain separation from 

periodic images. Two different surface terminations were investigated for Cs2AgBiCl6: 

(Ag0.5Bi0.5)Cl2 and CsCl, see Figure S10b. 

 

Chloride Vacancies in CABC 

Considering the Cs2AgBiCl6, we specifically investigate a chloride vacancy on the 

(Ag0.5Bi0.5)Cl2-terminated surface. The vacancy was stable in the positive charge state (+1), 

and its presence did not significantly alter the lattice structure of Cs2AgBiCl6. Upon addition 

of electrons, we observe the formation of an AgïBi dimer. In the neutral state, the dimer 

shows a distance of 2.82 ¡, while in the negatively charged state the distance is reduced to 

2.75 ¡, shown in Figure S11. The thermodynamic ionization levels (TILs) for the (+/0) and 

(+/ï) transitions are 1.76 eV and 1.69 eV above the valence band maximum, respectively, 

indicating a deep trap state associated with the defect, see Table S2. As highlighted in the 

main text of our research, this specific defect holds significant implications as an active site 

for H2 production. 

We further investigate the geometry of the VCl
- on the Cs2AgBiCl6 surface upon inclusion of 

SOC corrections, as SOC could potentially destabilize the formation of metal dimers as 

known for the lead-halide perovskites.[70] We optimize the structure containing the VCl
- 

vacancy using PBE+SOC within the Quantum Espresso software package. Comparison of 

the PBE0 and PBE+SOC optimized structures suggest the stability of the Ag-Bi dimer, with 

bond lengths only slightly varying, see Figure S11. Thus, we can confidently trust the PBE0 

structural properties despite neglecting SOC. 
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Self-trapped excitons 

We investigate the formation of self-trapped excitons (STEs) upon illumination. Figure S13a 

summarizes the STE formation mechanism. Optimizing the system in the triplet state, using 

the PBE0 functional, results in the localization of the exciton, see Figure S13b. The 

localization of the electron Kohn-Sham orbital is accompanied by an increase in Bi-Cl bond 

lengths from 2.7 ¡ to above 3.0 ¡, see Figure S13b. Similarly, the hole Kohn-Sham orbital 

localized within strongly shortened axial Ag-Cl bonds of 2.3 ¡, see Figure S13b. The 

calculated emission signal is of 1.46 eV while the estimated absorption is at 2.8 eV, see 

Table S3. Note that halide vacancies likely strongly contribute to the emission. Self-trapping 

of excitons is key to observe broad emission features, while the detailed contribution of STEs 

or by recombination from halide vacancies is still under debate.[71,72] 

 

Interface Model 

Finally, we model the interface between the g-C3N4 and Cs2AgBiCl6 to gain insight into the 

structural and electronic modifications upon interface formation. The lattice constants of g-

C3N4 and Cs2AgBiCl6 nicely match along the a direction, while the b direction shows 

substantial differences in the lattice constants of 13%. Thus, we cut the g-C3N4 layer along 

the b-direction and passivate undercoordinated N atoms with H atoms, see Figure S13b. 

This ensures maximal coverage without introducing artificial strain into the g-C3N4. 

Considering the electronic properties, we obtain a band gap of 3.22 eV for the modified g-

C3N4, which is in excellent agreement with the fully periodic g-C3N4 monolayer (3.4 eV). We 

passivated both surfaces in the perovskite slab with the modified g-C3N4 layers. We initially 

performed single point calculations at different distances between the Cs2AgBiCl6 and the 

g-C3N4, as well as for different horizontal alignment for g-C3N4. Starting from the low energy 

configuration, geometry optimization was performed, resulting in a strongly bound 

heterostructure with a binding energy of -4.22 eV/nm2. Looking closer at the structure shows 

that each undercoordinated surface metal ion is successfully passivated (see Figure S13a 

and Figure 5b of the manuscript). The DOS shown in Figure S13c shows a type II band 

alignment with the VB and CB of g-C3N4 below the ones of the perovskite layer.  

The large binding energy presents an interesting hypothesis that may explain the observed 

drop in the H2 production rate when adding a small weight percentage of g-C3N4. To estimate 
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the surface coverage, we derive a simple toy system relying on pure geometric 

considerations, shown in Figure S14b. We assume cubic nanocrystals of Cs2AgBiCl6. The 

nanocrystal surface area is given by 6L2, where L represents the nanocubes dimension. The 

g-C3N4 is modeled as 2D rectangular layers, which may passivate the surfaces of the 

perovskite nanocubes. The given wt% of g-C3N4 allows us to calculate the surface ratio of 

the Cs2AgBiCl6 to the g-C3N4, as shown in Figure S14a. Our model system indicates that 

substantial coverage of the nanocrystal surface can already be achieved at low wt%. This 

suggests that the passivation of the surface may inhibit the catalytic active site of Cs2AgBiCl6 

due to a small amount of g-C3N4. 

 

Nitrogen Vacancies in g-C3N4 

In g-C3N4, three nitrogen atoms can be removed to create vacancies: N1, nitrogen being 

bonded to three carbon atoms connecting three heptazine flakes; N2, nitrogen being bonded 

to only two C atoms; and N3, nitrogen being removed from inside a heptazine sub-structure. 

To determine the most stable state, we considered the neutral state of the vacancy and 

examined the various possible spin states. Our analysis reveals that the N3 vacancy in a 

doublet spin state is the most stable, as shown in Table S4. 

We further determine the thermodynamic ionization level of N2 and N3 vacancies by 

calculating the negative charge state by adding an electron. DFEs provide insights into the 

thermodynamic stability and formation abilities of specific defects. On the other hand, TILs 

represent the redox potential associated with the capture of carriers at defect sites. For both 

defects considered, the (0/-) transition is found to be deep within the band gap, see Table 

S5. This implies that the nitrogen vacancies can trap electrons, localized state within the 

band gap of the monolayer, as shown in Figure S15. For the monolayer, a band gap value 

of 3.4 eV was calculated, significantly larger than the experimental values of 2.7 eV due to 

the reduction in dimensionality. To estimate the accuracy of given defects, we calculate the 

DFEs and TILs of all nitrogen vacancies in a g-C3N4 bulk supercell at same level of theory. 

The obtained bulk band gap value of 2.9 eV closely aligns with the experimental values, 

shown in Table S5. Defect TILs remain deep in the band gap, while being shifted downwards 

in energy. 
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Figure S1. a) XRD pattern of Cs2AgBiCl6 against the reference cubic structure.1 b) XRD pattern of 

Cs2AgBiCl6 /10% g-C3N4 after the photocatalytic run. 

 

     

 

         

Figure S2. Representative SEM images of Cs2AgBiCl6/g-C3N4 composites. a)  Cs2AgBiCl6 90%/g-

C3N4 10% best performing composites for HER. b) Cs2AgBiCl6 10%/g-C3N4 90% best performing 

composite for . photo-fixation. c) pure Cs2AgBiCl6 d) nanosheets g-C3N4 . 

 

 

a) b) 

c) d) 
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Figure S3. TEM image of g-C3N4 nanosheets.  

 

     

      

 

Figure S4. EDS elemental mapping for Cs2AgBiCl6 10%g-C3N4 composite.  

!Ǝ .ƛ 

/ /ƭ /ǎ 
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Figure S5. EPR data for g-C3N4 nanosheets.  

 

a) b) 
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Figure S6. a) Absorption spectra and b) Tauc plots for selected samples of the Cs2AgBiCl6/g-C3N4 

system. 

 

 

 

Figure S7: Sketch representing a typical spectrogram resulting from a DT measurement, with 

wavelength on x axis and time on y axis. The signal is generally behaving as a negative DT signal 

(positive DA=-DT) on the short time delay range, i.e. photoinduced absorption on the picosecond 

timescale. A positive DT signal is instead observed at longer time delay, i.e. a bleaching signal on 

the nanosecond timescale.  
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Figure S8: DT signal extracted at 630 nm for the solution with concentration used in the H2 

production (1g/L). DT amplitude is reported on time delay with log scale. 

 

 

 

Figure S9: DT spectra extracted at delay >1ns for the solution with concentration used in NH3 

production (0.5g/L).  

 

Table S1: Band gap of the Cs2AgBiCl6 for different functionals and fractions of exchange inside the 

HSE06 hybrid functional. 

Method Band Gap (eV) 

PBE 1.83 

HSE06 (Ŭ = 0.25) + SOC  2.43 

HSE06 (Ŭ = 0.31) + SOC  2.78 

HSE06 (Ŭ = 0.43) + SOC  3.21 
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Experimental 2.77 

 

 

 

Figure S10: a) Optimized structure of pristine g-C3N4. b) Optimized structure of (001) Cs2AgBiCl6 

surfaces with CsCl- and with (Ag0.5Bi0.5)Cl2-termination. Following colours are used: C, grey; N, blue; 

Bi, purple; Ag, gray; Cs, green; Cl, orange. 

 

 

 

Table S2: Defect formation energy at EF = 0 eV for the chloride vacancy, VCl, at the (Ag0.5Bi0.5)Cl2 

terminated surface at the PBE0 level of theory. 

 

AgBi-terminated Cs2AgBiCl6 [Band gap = 2.81 eV] 

 

DFE (eV) TILs (eV) 
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VCl
+ -0.60 (+/0) 1.76 

VCl
0 1.15 (+/-) 1.69 

VCl
- 2.75 (0/-) 1.60 

 

 

 

 

Figure S11: Optimized VCl
- at (left) hybrid PBE0 level of theory and (right) with PBE-SOC. The Ag-

Bi dimer is highlighted and its bond length is explicitly given.  
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Table S3: Self-trapped exciton formation: DFT results of the absorption and emission properties, as 

well as singlet and triplet state relaxation energies following emission and absorption, respectively; 

see the Jablonski diagram in Figure S14a for the accompanying scheme.  

Property Energy (eV) 

Absorption 2.82  

Emission  1.46  

Singlet 

relaxation  
1.15  

Triplet 

relaxation 
0.21  
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Figure S12: a) Jablonski diagram of the STE formation mechanism. b) Electron and hole Kohn-

Sham orbitals of the STE in the triplet state. Distorted bond lengths upon exciton localization are 

explicitly visualized in panel b. 


