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Abstract 
The goal of transforming photocatalysts into practical tools has been pursued through the use 

of scalable industrial methods, resulting in the development of new photocatalytic materials. 

Specifically, a TiO2-Cu-Graphene composite has been synthesized using a newly designed 

fluidized bed reactor and chemical vapor deposition. Optimal synthesis conditions were 

determined through computer aided modelling, which identified an inverse correlation between 

activity and both the temperature and time of graphene synthesis. The most effective sample 

achieved a 2.06% efficiency in hydrogen evolution from water photoconversion. The 

incorporation of a graphene layer improved the activity of the material and may have played a 

role in hindering the conversion of metallic copper to oxides. 

Additionally, an Ag3PO4-Graphene composite was obtained via graphene plasma sputtering and 

successfully employed for water purification, with phenol serving as the model pollutant. 

Depending on the duration of graphene sputtering, the coating exhibited no or slightly 

detrimental influence on the photoactivity of the composite, but significantly improved its 

stability.  

 

Streszczenie 

W celu zbliżenia się do praktycznego wykorzystania fotokatalizatorów, opracowano nowe 

materiały fotokatalityczne za pomocą skalowalnych technik przemysłowych. Syntetyzowano 

kompozyt TiO2-Cu-Grafen w nowoczesnym reaktorze fluidyzacyjnym, wykorzystując metodę 

chemicznego osadzania z fazy gazowej (CVD). Warunki optymalne dla syntezy zostały 

określone dzięki modelowaniu wspomaganemu komputerowo, które wykazało odwrotną 

zależność między aktywnością materiałów a temperaturą i czasem syntezy grafenu. Najbardziej 

efektywna próbka osiągnęła 2,06% wydajności w produkcji wodoru z fotokonwersji wody. 

Warstwa grafenu na powierzchni próbki nieco zwiększyła wydajność materiałów i mogła 

odgrywać istotną rolę w hamowaniu lub opóźnianiu procesu utleniania metalicznej miedzi 

zawartej w próbkach. Opracowano również kompozyt Ag3PO4-Grafen, stosując technikę 

napylania plazmowego. Uzyskany fotokatalizator został z powodzeniem wykorzystany do 

oczyszczania wody, przy fenolu jako modelowym zanieczyszczeniu. W zależności od czasu 

napylania grafenu, warstwa ta okazała się nie wpływać lub nieco obniżać fotoaktywność 

materiału, jednak jednocześnie znacznie zwiększała jego stabilność.  
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1 The aim and scope of work 

 

The objective of this study was to investigate the potential applications of photocatalysts 

in various industrial sectors. The research aimed to assess the current state of photocatalytic 

science in terms of efficiency, economic viability, and practicality. The study also aimed to 

evaluate scalable synthesis methods to determine the extent to which photocatalysts can be 

implemented in common usage, and to identify the most feasible approach for achieving this 

goal. Additionally, this investigation explored the feasibility of using graphene as an alternative 

to expensive and potentially hazardous noble and/or heavy metal components in photocatalysts. 

The experimental section was based on the following hypotheses: 

1. Applying graphene to the surface of a semiconductor can enhance its photoactivity by 

acting as a metal cocatalyst. 

2. Applying graphene to the surface of a semiconductor can enhance its photoactivity by 

increasing the material's specific area. 

3. Applying a graphene coating to the surface of a semiconductor can enhance its stability 

by preventing oxidation and reduction of metal cocatalysts and semiconductors, 

respectively. 

4. Scalable industrial methods are applicable for photocatalyst synthesis. 

5. Graphene can be synthesized at relatively low temperatures of 500ºC, allowing for the 

use of affordable glass containers instead of quartz ones. 

6. Graphene plasma sputtering can be performed using a simple plasma sputtering reactor. 

7. Graphene synthesis can be carried out directly on fluidized semiconductor particles 

using a fluidized bed reactor. 

 

The experimental section aimed to achieve the following specific objectives: 

1. To develop a chemical vapor deposition (CVD) method for coating TiO2 with graphene 

in a fluidized bed reactor. The objective of this method was to enhance the photocatalytic 

activity of the semiconductor in terms of hydrogen evolution from water 

photoconversion. 

2. To establish a correlation between the synthesis parameters, graphene shell thickness, 

and photocatalytic properties of the resulting material. 
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3. To develop a plasma sputtering-based modification method for Ag3PO4-graphene 

composites, with the aim of improving their photocatalytic activity and stability. 

4. To investigate the impact of graphene on the activity of Ag3PO4 and the relationship 

between activity and light spectrum using action spectra analysis. 

 

2. Introduction 

Given the constant growth of global energy demand and the inevitable depletion of fossil fuels 

and other non-renewable sources, many scientists have shifted their focus towards renewable 

energy sources, due to their negative environmental impact. The average annual electrical 

energy demand per person in Europe has grown from 1215.8 kWh in the 1960s to 6352.8 kWh 

in 2014 [1]. This growth is expected to continue, as energy demand is positively correlated with 

technological advancements and societal growth (Figure 1). 

 

Figure 1 Electrical energy consumption per capita over the years 1960-2014 [1] 

This trend is not limited to Europe, and despite disparities in energy consumption among 

developed regions such as the United States and Europe, energy demand is projected to rise 

globally as developing nations catch up. Meeting this demand will require the construction of 

new power plants with environmentally friendly technology. However, to enable this transition 

towards green energy, technical challenges of renewable sources, such as efficient energy 

storage, must be overcome [2-6]. Currently, one of the most significant challenges is the lack 

of efficient energy storage methods for renewable sources such as wind turbines, water turbines, 
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and solar panels. Excess energy produced by renewable sources is typically lost and can pose a 

risk to electrical grids by causing damage and malfunctions. Renewables are often dependent 

on weather conditions and therefore have an uneven temporal distribution, making them 

unreliable and difficult to use as stand-alone energy sources. Building energy storage facilities 

like industrial battery banks or pumped storage hydro power stations can address this issue. 

However, such solutions are expensive and inefficient, with up to 75% of energy being lost due 

to technical reasons [2-6]. 

Another approach to addressing the energy storage problem is the use of photocatalysts. 

Photocatalysts allow for the direct use of light for various applications, such as pollutant 

degradation in water or hydrogen generation from water splitting. Direct photoinduced 

hydrogen evolution can potentially solve the energy storage problem, as hydrogen is an energy 

carrier that can be stored and used based on momentary energy demand. The current research 

focuses on the advancement of photocatalyst technology and its readiness for industrial 

applications. 

3. Renewable energy sources available today: 

As the demand for renewable energy sources continues to increase, the availability of local 

resources remains a limiting factor. Each type of renewable energy technology has unique 

requirements and environmental risks associated with its implementation. Currently, 

hydroelectric plants, wind turbines, and photovoltaic solar panels are the most commonly used 

renewable energy technologies, but this may change with the emergence of new technologies 

such as wave, tide, kite, and bladeless wind energy tapping methods that are still in development 

[7-8]. 

Hydropower is a form of energy derived from water runoff through hydraulic turbines. It is a 

specific type of source that requires a suitable landscape and has a relatively high environmental 

impact due to the need to retain water in artificial bodies in order to create sufficient pressure 

for turbine operation. When built on rivers, it creates barriers that hinder the ability of nekton 

organisms to traverse the river upstream and downstream. Although some workarounds are 

possible, the environmental impact is always significant. However, hydropower has several 

advantages. In favorable conditions, it can be a useful energy source as the energy production 

and output are mostly constant, and it does not rely on energy storage facilities to the same 

extent as other renewable energy sources. Norway provides an excellent example of the 
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utilization of hydroelectric power plants, as they cover nearly 100% of the country's electrical 

demand, with the only Norwegian coal-powered electrical plant located in Longyearbyen on 

the Spitsbergen island [8]. 

Wind energy conversion systems, commonly known as wind turbines, have been in use since 

medieval or even ancient times. However, the true proliferation of wind energy has only 

occurred in recent decades, as advancements in material science have enabled the construction 

of large, lightweight turbine blades and the establishment of both land and marine wind farms 

[9]. While wind energy is subject to specific landscape and meteorological conditions, it is a 

more globally applicable form of energy than hydroelectric power. Unlike hydropower, wind 

turbines are dependent on wind conditions and thus less reliable in terms of consistent power 

output. To optimize wind energy potential, energy storage facilities must be employed. The 

negative environmental impact of wind turbines includes the risk of collision with birds and 

bats, as well as landscape disruption, strobe effect, and the non-recyclability of turbine blades 

that have reached the end of their service life [10-11]. The capacity of onshore wind turbines is 

typically around 2.5 MW, while their larger offshore counterparts can generate up to 3.5 MW 

of electricity per turbine. Several offshore wind farms are planned for construction off the 

Polish Coast in the Baltic Sea [12]. 

Photovoltaic solar panels (PVSP) are devices that directly convert sunlight into electricity. The 

output of these devices is directly dependent on the amount of insolation, which varies 

depending on weather and latitude. The utility of PVSP is also influenced by the season and 

local microclimate, which determines the amount of direct sunlight received in a given location. 

A significant advantage of PVSP is their lack of moving parts and modular construction, 

allowing them to be installed in a variety of locations, from individual homes and large vehicles 

to industrial-scale solar farms. However, like most renewable energy sources, they require 

energy storage facilities to provide power 24 hours a day. The efficiency of PVSP varies, 

ranging from 26.7 ± 0.5% for Si crystalline cells to 39.2 ± 3.2% for Six-junction (monolithic) 

(2.19/1.76/1.45/1.19/.97/.7 eV) cells and up to 47.1 ± 2.6% for the 

AlGaInP/AlGaAs/GaAs/GaInAs(3) (2.15/1.72/1.41/1.17/0.96/0.70 eV) panel type, as per the 

Version 57 and 58 Solar Cell Efficiency Tables from 2020 and 2021 [13-14]. 

Photocatalysts are a class of semiconductor-based materials that enable the direct utilization of 

sunlight (or artificial light) for a range of applications, including air and water purification, 

virus and bacteria inactivation, self-cleaning surfaces, and hydrogen production via 



10 
 

photoinduced water splitting or water photoconversion. Despite being mainly in the laboratory 

research phase [15], the first attempts at semi-industrial application have been made. For 

example, the University of Tokyo has developed a functional photocatalytic water splitting 

device at the Kakioka research facility. The setup used SrTiO3:Al as the photocatalyst for water 

splitting and separated the evolved oxygen/hydrogen mixture via a semipermeable membrane 

filter. The installation was found to be safe, even in the event of a gas explosion due to the 

ignition of the mixture. However, several improvements are still required, as the 

oxygen/hydrogen separation was far from satisfactory (20% of evolved hydrogen was not 

separated), and the energy balance was at a net loss (5.0 MJ obtained for every 6.1 MJ required 

to run the equipment of the setup). Nevertheless, considering that the maximum theoretical 

Solar To Hydrogen (STH) conversion of the photocatalyst used was 0.76%, the setup's 

efficiency could be significantly improved with a more efficient photocatalyst [16, 17, 18]. 

Photocatalysts will be discussed broader in the further sections of this work.  

The utilization of renewable energy sources for electricity generation in Europe has been 

evolving since the turn of the 21st century, as demonstrated by the data presented in Figure 2. 

Onshore wind turbines are currently the most prevalent renewable energy source in Europe. 

However, as of 2010, offshore wind turbines and solar power have begun to play a more 

significant role in overall renewable electrical energy production. It is expected that these 

proportions will shift in the near future, with offshore wind turbines becoming increasingly 

prominent due to their larger size and greater power output efficiency, allowing for more 

efficient windfarms in terms of the ratio of occupied area to power output. 

The efficiency of photovoltaic solar panels (PVSP) has been increasing, and their production 

costs have been reduced as a result of advancements in electronics technology, leading to a 

surge in popularity. Since the year 2000, the amount of power produced from wind has 

increased over 20-fold, while the increase for photovoltaics is even more remarkable at a 

staggering 12,000-fold. 
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Figure 2 Electrical energy production from selected renewable power sources in Europe in the Years 

2000-2020 in Tera Watt hours [12] 

Despite the significant increase in the electricity production from PVSP, the overall 

contribution of solar electricity in the energy sector is still inadequate. In the United States and 

Europe, solar electricity accounts for slightly less than 4% of total electricity generation, while 

in Poland, the contribution of solar energy is between 2 and 2.5% (Figure 3) [19]. 

 

Figure 3 Solar photovoltaic energy as percent of total electric energy produced for a given region [19] 

 

While the contribution of renewable energy sources to global electricity production is presently 

limited, their increasing prominence in the future is evident from recent trends. However, one 
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of the major drawbacks of all renewable sources of energy is their unpredictable and unstable 

energy output. To address this issue, energy storage technologies need to be implemented to 

collect excess energy for later use when direct production is not feasible. 

4 Solar Spectrum.  

In this study, all computations were conducted using the AM 1.5 global standard IEC 60904-3-

Ed2 irradiation [1] which consists of a model solar spectrum with a flux density of 997 W m-2. 

The spectral irradiance plot is illustrated in Figure 4. 

 

Figure 4 AM 1.5 standard IEC 60904-3-Ed2 solar spectrum with superimposed photon energy [23].  

To determine the energy carried by a photon with a particular wavelength, the equation                   

E = hc/λ was employed, where E represents the energy carried by a single photon with a specific 

wavelength measured in electron Volts (eV), h represents Planck's constant, c denotes the speed 

of light in a vacuum expressed in meters per second (ms-1), and λ represents the wavelength of 

the photon in micrometers (µm)  

5 Photocatalysts - a brief review 

Describing photocatalysts in simple terms is challenging as they represent a convergence of 

several scientific disciplines, including chemistry, physics, electronics, mechanical 

engineering, nanotechnology, and material science. To fully appreciate their nature, it is 

necessary to understand how they work and what distinguishes them from conventional 

catalysts. 
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Firstly, catalysts are substances that lower the activation energy required for a chemical reaction 

to proceed without being consumed in the reaction. As a result, the reaction rate increases, and 

the reaction can occur under more favorable conditions. Chemical reactions can be classified 

based on the exchange of energy during the process. If energy is absorbed during the reaction, 

it is endoergic, while energy release characterizes exoergic reactions. 

Many critical chemical processes for human civilization, such as CO2 conversion into 

hydrocarbons or organic pollutant mineralization, are endoergic, necessitating an input of 

energy. Currently, available energy sources include fossil fuels, nuclear power, and renewable 

sources. However, using natural fossil hydrocarbons to produce synthetic hydrocarbons or 

hydrogen is not efficient, and only renewable energy sources are suitable for fuel production 

and organic pollutant breakdown The technology of photocatalytic hydrogen production [15] 

is one of the most promising techniques of obtaining clean energy via direct use of sunlight. 

Each photocatalyst is based on at least one semiconductor and functions by using absorbed 

photon energy to transfer an electron from the valence to the conduction band. The electron-

hole pair generated during this process is then utilized for a redox reaction, as illustrated in 

Figure 5. 

 

Figure 5. Schematic depiction of the photocatalysts working principle with exemplary reactions 
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Recent advances in photocatalyst design have focused on improving stability, efficiency, and 

photosensitivity, resulting in the modification of simple photocatalysts into complex 

nanodevices. These modern photocatalysts exhibit intricate morphologies and internal 

structures, with different chemical compositions serving distinct functions. The design process 

for these photocatalysts frequently involves doping the crystal structure of semiconductors with 

heteroatoms, synthesizing particles with specific morphologies, and modifying their surfaces 

with cocatalysts, including metals, quantum dots, nanocarbon structures, and organic sensitizers 

[24-26]. Current research on photocatalyst design emphasizes semiconductors with surface 

modifications. One popular modification technique involves decorating the surface of 

semiconductors with metal nanoparticles, which can greatly enhance photoactivity by 

increasing photosensitivity, enlarging the photocatalyst's surface area, and acting as electron 

conduits to prevent electron-hole recombination. However, the use of metals in photocatalyst 

design can be problematic due to the toxicity of heavy metals or the scarcity and high cost of 

noble metals. The widespread application of these materials may pose difficulties, even if they 

ensure adequate catalyst performance. Additionally, the introduction of elemental metallic 

contaminants to the environment can result in permanent soil contamination, as current soil 

purification methods are insufficient for removing these contaminants. 

An alternative solution may lie in graphene, which exhibits properties similar to metals while 

being a metal-free, fully synthetic, and fully degradable organic substance [27]. Graphene can 

be produced in unlimited quantities at low cost, making it a promising candidate for enhancing 

photoactivity and even serving as a photocatalyst on its own. The potential of graphene in 

photocatalyst design will be discussed further in subsequent sections of this work. 

5.1. Photocatalyst’s applications 

Photocatalysts have various applications, but two primary applications are widely used, which 

include (1) conversion of solar energy into hydrogen (or other energy carriers or fuels), and (2) 

removal of organic pollutants from water or air through photocatalytic mineralization. 

Therefore, to investigate these basic model applications, two model photocatalysts have been 

selected in this study, including (1) TiO2 for hydrogen evolution and (2) Ag3PO4 for water 

purification. The investigation focuses on their usage and scalable production methods 
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5.1.1. Solar-driven hydrogen production (SDHP) 

"Photocatalysts have become increasingly popular due to their ability to perform various tasks, 

including solar-driven hydrogen production (SDHP) and the purification of water or air via 

photocatalytic mineralization of organic pollutants. SDHP involves the use of solar radiation to 

split water molecules into their elemental components and obtain H2 and O2, as represented by 

the following equation:  

2H2O → 4e- + 4H+ + O2. 

This process can be achieved through various methods, including photochemical (PC), 

photoelectrochemical (PEC), and photovoltaic-electrochemical (PV-EC). In the PC method, 

hydrogen is generated directly on the surface of the photocatalyst, which is immersed in liquid 

or gaseous water and exposed to irradiation. The bandgap of any photocatalyst capable of water 

splitting by itself must be greater than 1.23 eV with bandgap edges placed below 0 V and above 

1.23 V in relation to the normal hydrogen electrode (NHE) at pH=0. On the other hand, PEC 

involves the use of two photosensitive semiconductor-based electrodes, one for each half of the 

water-splitting reaction, resulting in the separate collection of oxygen and hydrogen. Finally, in 

PV-EC, the process of water splitting is achieved through simple water electrolysis with the use 

of an external power source in the form of a photovoltaic cell, allowing for the separate 

collection of products but introducing energy loss through electrical resistance of wires and 

other components. 

This work mainly focuses on the PC hydrogen evolution methods, with the other methods 

serving as a reference point to assess the efficiency and viability of the PC method's broad use. 

The maximal theoretical STH efficiency of the SDHP processes can be calculated based on the 

solar radiation spectrum, assuming the bandgap of the used semiconductors is known. The 

photon energy calculation indicates that photons of λ<1000 nm may be utilized for 

photoinduced water splitting as they carry above 1.23 eV. This covers the whole visible and 

near-infrared solar spectrum. Assuming that all photons of energy equal to or higher than a 

given photocatalyst’s bandgap can transfer an electron from the valence to the conduction band, 

the maximal theoretical efficiency can be calculated using the following formula: 

STH = (jscΔGηF)/Psolar 
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Where STH is the maximal theoretically possible Solar To Hydrogen efficiency (%), jsc is the 

short circuit photocurrent density (mA cm-2), ΔG is the thermodynamic water splitting potential 

at 25ºC equal to 1.23 V, ηF is the Faradaic coefficient for hydrogen production, assumed to be 

equal to 1 in this calculation, and Psolar is the total power of the AM 1.5 solar spectrum (99.7 

mW cm-2). It is worth noting that the solar power taken into calculations was the total power of 

the solar spectrum stretching from 280 to 4500 nm, even though photons of λ>1000 nm are 

unable to facilitate water splitting. The maximal theoretical STH efficiencies of the chosen 

semiconductors, TiO2 for hydrogen evolution and Ag3PO4 for water purification, have been 

investigated and their use and scalable production methods have been analyzed in this work. 

All the presented photocatalysts have a bandgap exceeding 1.23 and band edge positions 

allowing for water splitting, as presented in Figure 6. 

 

  

Figure 6 Maximal theoretical solar to hydrogen (STH) efficiency (blue line) with some exemplary 

photocatalyst’s  theoretical efficiencies marked (results calculated according to the method described 

by Chen et. al. [28]) 

 

In practice, determining the efficiency of a photocatalyst is a challenging task. The reason for 

this is that not all absorbed photons result in the creation of an electron-hole pair, and not all 

generated pairs initiate a chemical reaction. Furthermore, the efficiency evaluation is often 
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impeded by the experimental setup, which can affect measurements. Additionally, a lack of 

standardization in photoactivity and efficiency measurement techniques among researchers 

further complicates the assessment. Consequently, many efficiency values reported in the 

scientific literature are unsuitable for comparison since they lack complete information on the 

methodology used for quantum yield calculations or, at the very least, reliable paper-to-paper 

comparisons. This issue has been discussed in the scientific literature, notably by Chen and 

Jaramillo et al. in 2010 [28]. However, it appears to be largely disregarded based on the content 

of many scientific papers. 

Active species scavengers may be utilized to aid in hydrogen evolution and prevent oxygen 

formation and electron-hole recombination. When oxygen generation is inhibited, this process 

is known as "hydrogen evolution through water photoconversion," and researchers may not 

recognize it as genuine water splitting. The use of scavengers is widely described in numerous 

publications and will not be further explored in this work. 

5.1.2.  Photocatalytic water purification  

Within the realm of environmental sciences, the terms pollution and contamination are often 

used interchangeably, however they are distinct concepts that should not be confused. Pollution 

refers to the excess of naturally occurring substances, such as the elevated levels of nitrates in 

the Baltic Sea. Conversely, contamination arises when the environment contains foreign 

substances that do not naturally occur in the ecosystem, such as antibiotics, petroleum 

derivatives, and Persistent Organic Pollutants (POPs). Contamination poses a great threat to the 

environment, as many of these contaminants are not broken down by natural processes due to 

their unfamiliarity with the flora and fauna. Because many of these synthetic pollutants are of 

recent origin, there are no evolutionary metabolic mechanisms that allow organisms to deal 

with this new threat. As a result, natural waters and soils are increasingly found to contain 

pharmaceuticals, polycyclic aromatic hydrocarbons, and other pollutants. 

One promising solution to this environmental challenge is the use of photocatalysts, which are 

compounds that can initiate the breakdown of organic pollutants through photodegradation. 

Photocatalysts create superoxide radicals and hydroxide radicals that degrade organic pollutants 

into simpler compounds, ultimately resulting in the formation of carbon dioxide and water. 

Recent studies have explored the use of photocatalysts for the degradation of various pollutants, 

with advanced projects testing their semi-industrial applications [29-30]. 
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Despite the potential of photocatalysts, the chemical composition of natural environments 

remains complex and unpredictable. For example, chromophoric dissolved organic matter 

(CDOM), also known as "yellow substances," is widely present in natural waters and is the final 

stage of bacterial metabolism of organic matter. CDOM is a complex mixture of organic 

macromolecules that is devoid of biologically available calories and thus cannot be utilized as 

a food source for most organisms. This material is naturally degraded photosynthetically. Due 

to the immense diversity of natural waters and their chemical makeup, it is difficult to compare 

the performance of photocatalysts. Therefore, researchers typically investigate the degradation 

of pollutants using model reactions based on simulated pollutants such as phenol or organic 

dyes. [31-33]. 

6  Literature review 

6.1.   General trends in photocatalysts containing graphene 

 In this section, I present an analysis of available written sources to enhance 

understanding of the present state of knowledge, trends, and development of photocatalysts and 

their properties. To this end, Table 1 is included, which lists reviewed publications on 

semiconductor-based photocatalysts containing graphene or closely related compounds such as 

graphene oxide or reduced graphene oxide. In order to create a representative sample of the 

primary research trends, publications were searched using the keywords "photocatalyst" and 

"graphene" and selected randomly from various publishers. 

Table. 1 Sample publications regarding composite semiconductors containing graphene  

Photocatalyst 
as reported 

Model 
Reaction 

Graphene 
component 
morphology 

Synthesis method 
Scalability 

consideration 
mentioned 

Toxicity 
consideration 

mentioned 
Reference 

Sr2Ta2O7Nx 
–G 

Hydrogen 
evolution 

sheet 
photocatalytic 

reduction of GO 
N N [34] 

Ni doped 
GO 

Hydrogen 
evolution 

sheet hydrothermal Y Y [35] 

RGO-BiOBr 
DYE 

degradation 
sheet hydrothermal N N [36] 

ZnO-
Graphene 

DYE 
degradation 

sheet hydrothermal Y N [37] 

RGOAg 
Phenol 

degradation 
sheet solvothermal Y Y [38] 
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CuS-rGO 
DYE 

degradation 
sheet hydrothermal N N [39] 

TiO2-
Graphene 

Oxide 

DYE 
degradation 

sheet 
Hummers method + 

sonication + self 
assembly method 

N N [40] 

TiO2-
Graphene 
Oxide film 

DYE 
degradation 

sheet modified Hummers N N [41] 

Bi2WO6-
Graphene 

DYE 
degradation 

sheet hydrothermal N N [42] 

c-Bi2MoO6-
Graphene 

DYE 
degradation 

sheet hydrothermal N N [43] 

WO3 –RGO 
DYE 

degradation 
sheet hydrothermal N N [44] 

TiO2-
Graphene 

oxide 

DYE 
degradation 

nanosheet hydrothermal Y Y [45] 

RGO-Mn3O 

4 
DYE 

degradation 
sheet hydrothermal N N [46] 

S doped 
Graphene 

Hydrogen 
evolution 

Quantum 
Dots 

hydrothermal 
synthesis 

N Y [47] 

ZnS-
Graphene 

DYE 
degradation 

sheet 
hydrothermal + 

microwave assisted 
N N [48] 

Fe3O4-
Graphene 

DYE removal 
through 

adsorption 
sheet solvothermal N Y [49] 

TiO2-
Graphene 

N/A sheet solvothermal N Y [50] 

P25-
Graphene 

DYE 
degradation 

sheet hydrothermal N N [51] 

CeO2-RGO 
DYE 

degradation 
sheet 

dip-molding 
andultrasound-
assistedprocess 

N N [52] 

TiO2-
Graphene 

DYE 
degradation 

sheet hydrothermal N N [53] 

TiO2-
Graphene 

DYE 
degradation 

sheet sonochemical N N [54] 

CdS–G 
Hydrogen 
evolution 

sheet solvothermal N N [55] 

TiO2-
nanorods-
Graphene 

oxide 

DYE 
degradation 

sheet Hummers method N Y [56] 
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TiO2-
nanorods-
Graphene 

oxide 

Photocatalytic 
sterilization 
of E.coli. / 

DYE 
degradation 

 Sonication + dry 
freezing 

Y Y [57] 

TiO2-
Graphene 

DYE 
degradation 

sheet hydrothermal N N [58] 

RGO-CdO 
DYE 

degradation 
sheet hydrothermal N N [59] 

CNTs 
Graphene 

DYE 
degradation 

sheets 
riddled 

with CNTs 
CVD N N [60] 

MoS2r-GO 
Hydrogen 
evolution 

sheet 
pyrolysis of alginic 

acid 
N N [61] 

P doped 
Graphene 

Hydrogen 
evolution 

sheet 
pyrolysis of 

Modified Alginate 
N N [62] 

N doped 
Graphene 

Hydrogen 
evolution 

sheet pyrolisys of chitosan N N [63] 

Oriented 
CuO2-N-G 

films 

Hydrogen 
evolution 

sheet pyrolysis of chitosan N N [64] 

Oriented 
Au-N-G 

films 

Hydrogen 
evolution 

sheet pyrolysis of chitosan N N [65] 

Cu3Se2-rGO 
DYE 

degradation 
sheet co-precipitation N N [66] 

RGO-BiPO 
4 

DYE 
degradation 

sheet solvothermal N Y [67] 

ZnO-RGO 
DYE 

degradation 
sheet hydrothermal N N [68] 

B doped 
Graphene 

Hydrogen 
evolution 

sheet 
graphite annealing 

with precursor 
N N [69] 

RGO-NiO 
DYE 

degradation 
sheet hydrothermal N Y [70] 

RGO/SrTiO3 
DYE 

degradation 
sheet 

high energy 
ultrasonication 

treatment 
N N [71] 

RGO-ZnS 
DYE 

degradation 
sheet hydrothermal N N [72] 

SnO2-RGO 
DYE 

degradation 
core shell 

RGO reduction in 
N2 

N N [73] 

TiO2-RGO 
DYE 

degradation 
sheet hydrothermal N N [74] 
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Graphene-
TiO2-MCM-

41 

degradation 
of 2-propanol 

coating 
HT carbonisation of 

2,3-
dihydroxynaphthalen 

N N [75] 

P25-
Graphene 

oxide 

ciprofloxacin 
degradation 

sheet hydrothermal N N [76] 

ZnO-
Graphene 

DYE 
degradation 

sheet hydrothermal N N [77] 

β-SnWO4 -
RGO 

DYE 
degradation 

sheet microwave assisted N N [78] 

BiOI–RGO 
DYE 

degradation 
sheet hydrothermal N N [79] 

Cu2O-RGO 
DYE 

degradation 
sheet hydrothermal Y N [80] 

Ag2CO3 
/RGO 

DYE 
degradation 

sheet hydrothermal N N [81] 

RGO–
ZnWO4

 –2 
DYE 

degradation 
sheet hydrothermal N N [82] 

TiO2 –G 
Hydrogen 
evolution 

sheet hydrothermal N N [83] 

InNbO4  
Graphene 

DYE 
degradation 

sheet hydrothermal N N [84] 

RGO–Bi 2 
WO6

 –3 
DYE 

degradation 
sheet hydrothermal N N [85] 

ZnFe2O4 - 
Graphene 

DYE 
degradation 

sheet hydrothermal N Y [86] 

TiO2-
Graphene 

film 

DYE 
degradation / 
photoelectric 

sells 
efficiency 

sheet hydrothermal Y N [87] 

TiO2-
Graphene 

DYE 
degradation 

sheet hydrothermal N N [88] 

P25-
Graphene 

DYE 
degradation 

sheet hydrothermal N N [89] 

P25-
Graphene 

DYE and 
benzene 

degradation 
sheet hydrothermal N N [90] 

Cu2SnS3-
RGO 

DYE 
degradation 

sheet hydrothermal N N [91] 

GO 
Hydrogen 
evolution 

sheet hydrothermal N N [92] 

N doped 
Graphene 

Hydrogen 
evolution 

Quantum 
Dots 

graphite annealing 
with precursor 

Y N [93] 

ZnSe/RGO 
DYE 

degradation 
sheet hydrothermal N N [94] 

Cu-
Graphene 

DYE 
degradation 

sheet hydrothermal N N [95] 
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Au-
Graphene 

DYE 
degradation 

sheet hydrothermal N N [96] 

RGO-Bi2S3 
DYE 

degradation 
sheet solvothermal Y N [97] 

BiVO4 
/RGO30/ 

DYE 
degradation 

sheet microwave assisted N N [98] 

RGO-Ag2Se 
DYE 

degradation 
sheet hydrothermal Y N [99] 

CdS–rGO 
DYE 

degradation 
sheet hydrothermal N N [100] 

α-Fe2O3-
RGO 

DYE 
degradation 

sheet hydrothermal N N [101] 

 

  This section, presents an analysis of available literature sources regarding the 

application of graphene and closely related materials in photocatalysis. The results demonstrate 

that such materials have attracted considerable interest within the scientific community. Of the 

reviewed publications, approximately 80% focused on the use of graphene-modified 

photocatalysts for water purification, using dyes or hydrocarbons as model pollutants. The 

second most frequent topic investigated was photoinduced hydrogen evolution from water 

conversion or water splitting. 

However, it is apparent from the literature analysis that the research in this field is still in its 

early stages. Only 15% of the publications considered synthesis scalability, and 16% paid 

attention to the environmental toxicity of the investigated photocatalysts, with only 6% 

considering both. The majority of research still focuses on the intrinsic mechanisms governing 

photocatalytic reactions and their efficiency. Furthermore, many of the investigated composites 

contain expensive or environmentally hazardous metals such as platinum, gold, cadmium, zinc, 

nickel, or cobalt, making them unsuitable for large-scale applications, particularly in water 

purification, where such substances can be hazardous for the environment. 

This lack of certain guidelines for designing environmentally safe and easily scalable 

photocatalysts is clearly evident. Additionally, most of the publications focus on graphene in 

the form of sheets or nanosheets, with photocatalysts typically obtained by hydrothermal 

methods. Although useful in small laboratory scales, these methods have little potential for 

scaling up to the industrial level as they require expensive and sometimes toxic chemicals and 

are laborious multi-step processes. Furthermore, almost all photocatalysts exhibit a similar 

morphology, with the graphene component utilized in the form of sheets with semiconductors 

“sprinkled” on their surface. Therefore, it is reasonable to suggest that the next logical step in 
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research should be the investigation of semiconductors with different morphologies and the 

exploration of alternative synthesis methods (especially those allowing easy scale-up). 

 

6.2.  Photocatalysts for hydrogen evolution – efficiency and composition 

In the realm of photocatalysis, photoinduced hydrogen evolution has been garnering significant 

attention in recent scientific literature. Table 2 presents a compilation of photocatalysts 

specifically designed for photoinduced hydrogen evolution from either water splitting or water 

photoconversion. The table includes information on the reported efficiencies of the 

photocatalysts, the types of light sources employed, and the cocatalysts utilized. 

 

Table. 2 Catalysts for photoinduced water splitting – literature sample 

Metal of 
the 

cocatalyst 
or dopants 

Catalyst 
 (as reported) 

Lamp 
kind 

Lamp 
power 

(W) 

Efficiency      
(mmol H2 

h-1 g-1) 
Synthesis method Reference 

Au 
Au–TiO2 –

rGO 
LED 12 0.296 Hydrothermal [102] 

Au 
Au/TiO2 

(P25)-gC3N4 
Hg 150 0.419 

Thermal 
polycondensation 

[103] 

Au 
Au/TiO2-

gC3N4 
Hg 150 0.57 

Sol–gel 
procedure and 

calcination 
[104] 

Ag 
Ag−TiO2 

/SiO2 
Xe 150 0.738 Hydrothermal [105] 

Pt Pt/Sn3O4 Xe 300 0.01667 Hydrothermal [106] 

Au Au/InVO4 Xe 300 0.1167 Hydrothermal [107] 

Pt Pt/CoOx /TiO2 Xe 300 0.2759 
Atomic layer 

deposition with 
assisted template 

[108] 

Pd 
Pd-CdS/g-

C3N4 
Xe 300 0.293 Hydrothermal [109] 

Au 
Au/BiVO4 /g-

C3N4 
Xe 300 0.41 Calcination [110] 

Au Au/TiO2/RuO2 Xe 300 0.527 Sol-gel method [111] 
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Pt 
Pt/TpPa-1, 

C3N–Pt–Cl2 
Xe 300 0.719 Integration [112] 

Rh Rh/CuGa3S5 Xe 300 1 Hydrothermal [113] 

Pd Pd/2D C3N4 Xe 300 1.2086 Hydrothermal [114] 

Pt 
g-C3N4 (pCN) 

Pt 
Xe 300 2.138 Calcination [115] 

Pt 
Pt-

CuS/ZnIn2S4 
Xe 300 4 

Assisted 
hydrothermal 

[116] 

Pt 
Pt/black TiO2-

x 
Xe 300 5.2 Impregnation [117] 

Ru 

Ru 
atoms/multi-
edged TiO2 

spheres 

Xe 300 7.2 Solvothermal [118] 

Ag Ag-ZnIn2S4 Xe 300 7.3 Hydrothermal [119] 

Pt 
Co-P/Bi-La2 

Ti2O7 
nanosheet/Pt 

Xe 300 8 Hydrothermal [120] 

Pt Pt/O-g-C3N4 Xe 300 8.875 
Thermal 
oxidation 

[121] 

Au TiO2 –Au Xe 300 12.44 

Electrospinning 
(ES) combined 
with subsequent 

calcination 

[122] 

Pt Pt/TiO2  Xe 300 21.9 
Deposition 

precipitation 
[123] 

Pt 
Pt atoms on 

defective TiO2 
Xe 300 52.7 Hydrothermal [124] 

Pt 
Pt/CdS 

nanowires 
Xe 350 0.01606 Solvothermal [125] 

Ag CdS-Ag3PO4 Xe 350 6.6 Solvothermal [126] 

Pt 
Pt/TiO2 

nanosheets  
Xe 350 16.68 Hydrothermal [127] 

Ru 
RuO2 

/BaCeO3 
Hg 400 0.059 

Pechini-type 
process 

[128] 

Ru 
RuO2 /CeO2 

:Sr 
Hg 400 0.1 Hydrothermal [129] 

Pt Pt/Ta3N5  Hg 450 0.136 Hydrothermal [130] 

Ag Ag/CaTiO3 Hg 450 0.167 Hydrothermal [131] 
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Ag Ag2S / MoS2 Xe 450 0.628 In situ growth [132] 

Rh 

Rh/Cr2O3 
shell)/(Ga x 
Zn x )(N x O 

x ) 

Hg 450 1.16 
In situ 

photodeposition 
method 

[133] 

Pt TiO2 /Pt/rGO Xe 500 0.876 
Modified 
Hummers 
method 

[134] 

Rh Rh-Ti3NS Xe 500 1.97 
Solid-state 

reaction method 
[135] 

Rh 
Rh-doped 

TiO2 
Xe 500 2.55 

Thermal 
annealing 

[136] 

Rh 
Rh-doped 
Ca2Nb3O10 

Xe 500 77 
Thermal 
annealing 

[137] 

 

The scientific literature concerning photocatalysts for photoinduced hydrogen evolution is a 

popular area of research. Table 2 presents a compilation of photocatalysts used for 

photoinduced hydrogen evolution from water splitting or water photoconversion, including 

their corresponding efficiencies, light source types, and types of cocatalysts utilized. 

However, it is important to note that most of the papers reviewed in Table 2 are based on 

laboratory experiments using a xenon arc lamp, which has a spectrum that is similar to natural 

sunlight. Despite the fact that all papers included in Table 2 report the lamp type and its power, 

fewer than 20% of the publications provide information on the surface density of irradiation or 

the power reaching either the photocatalyst or the reactor's surface. Furthermore, only a 

minority of authors report the readily calculated Quantum Yield or Apparent Quantum Yield 

of the photocatalytic process. Reports regarding the lamp's power and construction type have 

also been largely inconclusive, as there is no correlation between the lamp's power and the 

energy reaching the photocatalysts across the scientific literature. The relevant data required to 

verify this claim has been collected in Table 3. 
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Table. 3 Surface power density, lamp kind, lamp power and efficiency comparison for chosen 

experiments 

Catalyst  
(as reported) 

Lamp kind 
Lamp 

power (W) 

Surface power density 
at the reactor           

(mW cm-2) 

Efficiency                
(mmol H2 h-1 g-1) 

Reference 

MoS/TiO2 Xe 300 600 1.6 [138] 

MoS2/CdS Xe 300 50 0.137 [139] 

ZnS-MoS2-/GR Xe 300 125 2.258 [140] 

TiO2/MoS2 Xe 300 2.7 2 [141] 

MoS2/TiO2 Xe 300 100 0.075 [142] 

Pt-Ti/G Xe 500 100 0.686 [143] 
S-
ZnIn2S4/MoSe2 

Xe 300 254 63.21 [144] 

Sb-SnO2 Xe 300 251.4 0.049 [145] 

TiO2-GO Hg-Xe 1000 100 0.12 [146] 

Ag-TiO2/Gr Xe 300 100 0.225 [147] 

TiO2/Gr Xe 500 80 0.0054 [148] 

TiO2/Cu/GNP LED 9.5 20 89.3 [149] 

TiO2/Cu/RGO Xe 150 47 2.9 [150] 
 TiO2-Cu-C-
500-25 

Xe 1000 50 2.3 Current work 

TiO2/Gr Xe 300 80 0.74 [151] 

TiO2/Gr Xe 500 150 0.09 [152] 

TiO2/Cu/Gr Xe 300 220 22 [153] 

 

As demonstrated in Figure 7, there is no correlation between the overall power of the lamp used 

in an experiment and the energy actually reaching the photocatalyst (R2=0.0092).  
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Figure 7 Correlation between the power of the lamp used in chosen experiments and the surface 

density of energy reaching the photocatalyst 

In the absence of sufficient data for conventional Quantum Yield calculations in most of the 

reviewed papers, an alternative method has been established for estimating the efficiency of the 

reported photocatalysts. Data from Table 3 was used for the calculation, as the surface density 

of energy reaching the reactor is necessary. Since the overwhelming majority of experimental 

photoreactors have a volume of approximately 100 ml, an assumption was made (based on the 

author's laboratory experience) that photoreactor vessels have a window of approximately 15.7 

cm2, which is the most common window surface among 100 ml sized photoreactors encountered 

by the author. Assuming this, the efficiency of the photocatalysts was estimated by dividing the 

power equivalent of the hydrogen obtained in the experiment (expressed in kJ h-1 assuming 

hydrogen energy density of 127 kJ / gram H2) by the incident power reaching the reactor 

window (expressed also in kJ h-1):  

Efficiency (%) = [(H2 power equivalent) / (Incident power at the reactor window)] * 100  

The term “estimated” is used here because the surface area of the photoreactor window was 

derived based on “expert judgement” and thus introduces a certain level of error. However, as 

this information was not reported in the reviewed papers, it was deemed a necessary sacrifice 

in order to calculate the required information. The results of the estimation are presented in 

Table 4.  
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Table. 4 Estimated efficiencies of chosen photocatalysts 

Catalyst (as reported) Lamp kind 
Lamp 

power (W) 

Surface 
power 

density at 
the reactor 
(mW cm-2) 

Efficiency 
reported               

(mmol H2 h-1 g-1) 

Estimated 
efficiency (%) 

Reference 

TiO2/Gr Xe 500 80 0.0054 0 [148] 

Sb-SnO2 Xe 300 251.4 0.049 0.01 [145] 

MoS2/TiO2 Xe 300 100 0.075 0.03 [142] 

TiO2/Gr Xe 500 150 0.09 0.03 [152] 

TiO2-GO Hg-Xe 1000 100 0.12 0.05 [146] 

Ag-TiO2/Gr Xe 300 100 0.225 0.1 [147] 

MoS2/CdS Xe 300 50 0.137 0.12 [139] 

MoS/TiO2 Xe 300 600 1.6 0.12 [138] 

Pt-Ti/G Xe 500 100 0.686 0.31 [143] 

TiO2/MoS2 Xe 300 270 2 0.33 [141] 

TiO2/Gr Xe 300 80 0.74 0.41 [151] 

ZnS-MoS2-/GR Xe 300 125 2.258 0.81 [140] 

 TiO2-Cu-C-500-25 Xe 1000 50 2.3 2.06 Current work 

TiO2/Cu/RGO Xe 150 47 2.9 2.77 [150] 

TiO2/Cu/Gr Xe 300 220 22 4.49 [153] 

S-ZnIn2S4/MoSe2 Xe 300 254 63.21 11.18 [144] 

 

Most of the estimated efficiency data falls within the realm of reasonable results and stays in 

close relation to the maximal theoretical efficiencies calculated earlier. Estimates exceeding 

10% should be treated with caution, especially that such high results are seldom encountered in 

publications. The average efficiency of the obtained results equals 1.4% while the median is as 

low as 0.2%. This is below the commonly recognized viability threshold of 10% and way lower 

than the possibilities of PVSP. Surprisingly, there seems to be a strong correlation between the 

reported efficiencies given in mmol H2 h-1 g-1 and the estimated efficiencies normalized and 

expressed as % of harnessed energy. In both cases - with the complete data set and after 

removing extreme values (Figure 8).  
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Figure 8 Correlation between estimated and reported efficiencies, upper graph contains complete 

dataset, lower graph contains dataset without extreme values 

The present study analyzed the estimated efficiency data of photocatalysts reported in scientific 

literature, providing a basis for comparison among different photocatalysts. The estimated 

efficiencies were obtained by dividing the power equivalent of hydrogen produced in the 

experiment by the incident power at the reactor window. The obtained efficiency values were 

within the range of reasonable results and were generally in agreement with the maximal 

theoretical efficiencies calculated earlier. It should be noted, however, that estimates exceeding 

10% should be treated with caution as they are rarely encountered in publications. 

The average and median efficiency values of the obtained results were 1.4% and 0.2%, 

respectively. These values are below the commonly recognized viability threshold of 10% and 
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are considerably lower than the possibilities of photovoltaic solar panels. Notably, there was a 

strong correlation between the reported efficiencies given in mmol H2 h-1 g-1 and the estimated 

efficiencies normalized and expressed as a percentage of harnessed energy. 

This suggests that a rough comparison of efficiency between different kinds of photocatalysts 

reported in the literature is possible within the (mmol H2 h-1 g-1) unit. However, it is important 

to bear in mind that the risk of error is elevated in the absence of reliable normalization data, 

and that such data should be used with caution. Despite these limitations, the results indicate 

that photocatalysts containing noble metal-based cocatalysts generally perform better than 

those containing earth-abundant materials, with the difference in efficiency ranging from 3 to 

8 times in favor of metals. 

However, it should be noted that the use of noble, heavy, and toxic components increases the 

cost of production and poses a risk of environmental contamination, which undermines the 

environmental benefits of the energy source. To illustrate, the cost of one ton of TiO2 (P25) 

decorated with 0.01% Pt according to the average market prices of the necessary materials in 

2022 would be approximately 32,320 USD, while the same amount of TiO2 decorated with 1% 

Cu and covered in 1% graphene would cost 2,823 USD. 

Although the cost of graphene is currently high, it is expected to decrease as the production 

techniques improve and the demand increases. On the other hand, platinum is very expensive 

and rare, and its abundance in the Earth's crust is minimal. The increased demand for platinum 

would further elevate its price, making it less feasible for practical applications. Therefore, a 

balanced approach that considers both the raw efficiency of the photocatalytic process and the 

environmental and economic aspects of production, environmental risk management, and 

utilization costs of the spent photocatalytic materials is necessary when designing a viable 

photocatalyst. 

The prices used in the above calculations were derived from leading market online services 

(metal.com, lme.com, metalary.com, bullionvault.com, bloomberg.com, statista.com, 

businenninsider.com, cheaptubes.com, asianmetal.com). 
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7. Summary of the literature review 

Based on the literature review, the main focus of photocatalyst research has been on developing 

efficient photocatalysts and exploring their functional mechanisms. While investigating the 

latter will always remain crucial, it is evident that the former has now progressed to a new level 

of evolution. It is my inference that photocatalysts based on toxic metals and noble, expensive, 

and rare elements will face significant challenges in transitioning from laboratory research to 

industrial applications. Therefore, it is imperative to incorporate economic and environmental 

factors into the design of modern photocatalysts to facilitate their industrial applications. 

To evaluate the feasibility of producing an economically viable and environmentally friendly 

photocatalyst, a series of experiments have been devised. The aim is to employ industrial 

synthesis methods to produce composite photocatalysts containing graphene as a cocatalyst and 

to assess the viability of this approach. 

Numerous researchers have directed their attention towards graphene as a potential alternative 

to noble metal cocatalysts. This interest is due to the fact that graphene is comprised solely of 

carbon and exhibits numerous characteristics that make it an attractive substitute for metal 

cocatalysts. Graphene displays outstanding thermal and electrical conductivity, chemical 

inertness, excellent mechanical strength, and the ability to increase catalyst surface area and 

adsorption properties. Furthermore, it can be modified to function as a semiconductor itself 

[154-155]. Graphene is also frequently utilized in combination with metal-oxide 

semiconductors and metallic cocatalysts as a modifier and/or cocatalyst [34-101]. 

Therefore, graphene was selected as the focus of the experimental portion of this research. The 

primary objective was to investigate the synthesis and application of graphene as a potential 

cocatalyst. 
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8. Experimental section  

A set of experiments was conducted with a particular emphasis on photoinduced hydrogen 

evolution and water purification. The primary aim of these experiments was to examine the 

impact of incorporating graphene on the properties of photocatalysts. The experiments were 

designed in accordance with the following guidelines: (i) the method employed for 

incorporating graphene was to be scalable for industrial application, and (ii) the composition of 

the photocatalysts was to have minimal toxicity. 

8.1. Graphene wrapped copper decorated TiO2 for hydrogen evolution form 

water photoconversion 

8.1.1. Reagents 

Laboratory reagents used in this experiment were purchased in Sigma Aldrich – Copper (I) 

acetate Cu(CH3COO) and methanol CH3OH, Degussa – TiO2 in the form of P25 and Linde-gaz 

– Compressed hydrogen, acetylene  and argon.  

8.1.2 Photocatalyst synthesis procedure 

A novel fluidized bed reactor setup and method were developed exclusively for this experiment, 

resulting in a patent pending (P.430994 29 08 2019) method and reaction vessel. To the best of 

my knowledge, using a fluidized bed reactor for graphene synthesis on a semiconductor has not 

been attempted before, and therefore there was no prior work to base the design of the reaction 

vessel upon. Figure 9 depicts the vessel, which was designed using a combination of SimFlow 

Computational Fluid Dynamics Software and a trial-and-error approach. The resulting vessel 

has a broad gas flow-speed tolerance, allowing for an intuitive estimation of the fluidization gas 

velocity without additional calculations. 

The device consists of high-pressure gas tanks connected to the fluidized bed reactor through 

Alicat electronic flow regulators, which can regulate gas flow within a range of 1-1000 sccm 

(cm3 min-1). The reaction chamber is situated in an oven capable of reaching 1100 ºC. The gas 

tanks are connected to the flow regulators via pressure reducing valves, and the flow regulators 

are computer-controlled, ensuring precise administration of the desired amounts of gases to the 

gas mixer. The resulting gas mixture is then delivered to the reaction chamber within the high-

temperature oven. Here, the gas performs two functions – it fluidizes the powdered 
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semiconductor and, depending on the gas composition, triggers the desired chemical reaction. 

Finally, after passing through the reaction vessel, the gas is vented through the exhaust. Figure 

10 provides a schematic representation of the setup. 

 

Figure 9. A – General shape of the reaction vessel, B - Schematic illustration of the fluidized bed 

chamber with gas flow visualization simulated by the SimFlow  – Computational Fluid Dynamics 

Software. The fluidization occurs throughout the region marked by the red color, blue color indicates 

regions where the gas flow is too slow to carry particles of the semiconductor (Patent pending 

P.430994 29 08 2019) [162] 
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Figure 10. Schematic illustration of the setup used for fabrication of graphene coated photocatalysts 1 

–gas tanks, 2 – electro-valves, 3 – gas leads, 4 – gas flow regulators, 5– gas mixer, 6 – fluidized bed 

reaction chamber, 7 – high temperature oven. (Patent pending P.430994 29 08 2019) [162] 

 

The synthesis of the photocatalyst was initiated by dissolving 0.0572 g of copper (I) acetate in 

100 cm3 of distilled water to create a copper precursor aqueous solution. Then, 2 g of P25 was 

introduced into the solution and stirred for 60 minutes to ensure that Cu+ ions were adsorbed 

onto the surface of the titania. The vessel was dried in a dryer at 60 ºC until it was dry, and the 

resulting mixture was ground in a mortar. Subsequently, 0.5 g of the powder was placed into 

the reaction chamber of the fluidized bed reactor. 

The fluidized bed reactor was operated by flowing argon gas at a rate of 1000 sccm (cm3 min-

1) to induce the fluidization process while the reactor was heated to a temperature between 500 

and 850 ºC, depending on the sample. Once the designated temperature was achieved, the gas 

flow was changed to a 90% argon and 10% hydrogen mix, aimed at reducing the copper 

precursor to metallic copper. This reduction process took 20 minutes, after which the gas 

composition was changed to 995 sccm argon and 5 sccm acetylene, which underwent pyrolysis 

in the high temperature. The duration of the pyrolysis process ranged from 25 to 180 seconds 

depending on the sample. The pyrolysis process led to graphene synthesis directly on the 

surface of the metallic copper-decorated semiconductor. After the graphene synthesis was 

complete, acetylene was shut off, and argon-only flow through the reactor was reinstated. The 

reaction vessel was allowed to cool down to room temperature, and the procedure was finalized 

by switching off the argon gas flow. 

The fluidized bed reactor setup and method were designed specifically for this experiment using 

SimFlow – Computational Fluid Dynamics Software and a trial-and-error process. The 
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resulting vessel is capable of broad gas flow-speed tolerance, allowing for an intuitive 

estimation of fluidization gas velocity, with no additional calculations needed. The high-

pressure gas tanks that are part of the device are connected to the fluidized bed reactor via Alicat 

electronic flow regulators, with a range of 1-1000 sccm. The reaction chamber is located in an 

oven capable of reaching 1100 ºC. This method and reaction vessel are patent-pending 

(P.430994 29 08 2019), and to the best of my knowledge, utilizing a fluidized bed reactor for 

graphene synthesis on a semiconductor has not been attempted before. 

Figure 11 provides a visual representation of the entire process. 

 
Figure 11. synthesis procedure of TiO2-Cu-C material [162] 

 

8.1.3. Characterization 

The materials obtained in this study underwent a range of measurements and imaging 

techniques. The morphology of the materials was analyzed through the use of SEM and TEM 

electron microscopy, conducted with JEOL JSM 7000 and FEI Europe Tecnai F200 X-Twin, 

respectively. However, due to resource constraints, only a select few samples underwent TEM 

imaging, XRD, and XPS analysis. All samples were subjected to Raman spectroscopy, collected 

with a DXR tm3 Thermo Fisher Scientific spectroscope with 532 nm laser. Powder X-ray 

diffraction (pXRD) was performed using the Burker B2 Phaser diffractometer with Cu Kα 

radiation and LynxEye-XE detector. LeBail refinement of the XRD data for rutile and anatase 
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was carried out using a PHI 5000 Versa Probe (ULVAC-PHI) spectrometer with 

monochromatic Al Kα radiation (hv = 1486.6 eV) at a spot size of 100 µm, 25W, 15V. High 

resolution XPS spectra were collected using a hemispherical analyzer, and Casa XPS software 

was utilized for data evaluation. The HR XPS spectra were deconvoluted using Shirley 

background and a Gaussian peak shape with 30% Lorentzian character. A standard UV-VIS 

spectrophotometer UV 2600 Shimadzu was used to obtain sample spectra, with BaSO4 used as 

a reference during the scanning of samples in powder form. A depiction of the various 

measurements and imaging techniques can be seen in Figure 12. 

8.1.4. Photoactivity 

The photoactivity of the catalyst was tested under controlled conditions using a 1000W xenon 

lamp as the light source, with a UV-VIS intensity of 50mW cm-2 at the reactor window surface. 

The reactors were composed of quartz and had a volume of 100 mL, containing 80 cm3 of a 

10% methanol solution in distilled water, and 100 mg of the catalyst. The mixture was stirred 

continuously throughout the entire process, and a rubber septum was utilized to seal the reactor, 

enabling sampling using a syringe. Nitrogen was introduced into the reactor to replace the 

atmosphere at the start of each measurement cycle, and the temperature was maintained at 10ºC 

using a cryostat. The testing procedure involved a 30-minute dark period before each 

experiment, after which the light was turned on, and the hydrogen concentration was monitored 

using a TCD detector with Gas Chromatography. The measurements were taken every hour 

over a three-hour period. 

8.2. Ag3PO4 modified with graphene via plasma sputtering 

8.2.1. Reagents 

The reagents utilized in the experiments were of analytical purity. Silver nitrate, 

polyvinylpyrrolidone (PVP), and sodium dihydrogen phosphate dihydrate were procured from 

Sigma Aldrich. Initially, 7.9 grams of PVP were dispersed in 200 ml of deionized water, 

following which, 4.25 grams of silver nitrate, dissolved in 100 ml of aqueous solution, were 

added to the first solution and mixed. Subsequently, a solution of 5.68 grams in 200 ml of 

deionized water was gradually added dropwise to the preceding mixture until a color change to 

yellow was observed. The final solution was centrifuged, washed several times with deionized 

water and ethanol, and vacuum-dried at 60 ºC. The reactions occurred as follows: 
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AgNO3 → Ag+ + NO3
-  

H3PO4 → HPO4
2- + H+ → PO4

3- + 2H+ 

PO4
3- + Ag+ → Ag3PO4 

8.2.2. Photocatalyst synthesis procedure  

Graphene nanoparticles were deposited onto Ag3PO4 through the use of plasma sputtering, and 

an experimental setup was specifically designed and constructed for this investigation. Standard 

components were used to create the high voltage power supply, while a custom vacuum 

chamber was fabricated for the experiment. A glass chamber reactor with a stainless steel 

substrate electrode (positive) and a graphite target electrode (negative) was used for the 

sputtering process. The reactor pressure was maintained at 150 mTorr and the potential between 

the electrodes was set to 2000V. A small sample tray containing 0.3 g of Ag3PO4 was positioned 

3 cm from the target electrode, directly under the focusing magnet. A series of samples were 

prepared with sputtering times of 15, 30, 60, 150, and 300 seconds. Each sample underwent the 

sputtering procedure three times, with thorough homogenization between each session. The 

reactor assembly is illustrated in Figure 12. 

 
Figure. 12 Scheme of the laboratory scale plasma sputter reactor [177] 
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8.2.3. Characterization 

The materials obtained were subjected to various measurements and imaging techniques. SEM 

and TEM electron microscopy were used to investigate their morphology. JEOL JSM 7000 and 

FEI Europe Tecnai F200 X-Twin were employed for SEM and TEM, respectively. Due to 

limited resources, only a select few samples were subjected to imaging using TEM, XRD and 

XPS. Raman spectra were collected for all samples using DXR tm3 Thermo Fisher scientific 

spectroscope with 532 nm laser. Powder X-ray diffraction (pXRD) was done with Burker B2 

Phaser diffractometer Cu Kα radiation and LynxEye-XE detector. LeBail refinement of the 

XRD data for rutile and anatase was performed using a PHI 5000 Versa Probe (ULVAC-PHI) 

spectrometer with monochromatic Al Kα radiation (hv = 1486.6 eV) with an X-ray at 100 µm 

spot size, 25W, 15V. High resolution XPS spectra were gathered with the use of hemispherical 

analyzer, and Casa XPS software was utilized for XPS data evaluation. For deconvolution of 

the HR XPS spectra, a Shirley background and a Gaussian peak shape with 30% Lorentzian 

character were utilized. Standard UV-VIS spectrophotometer UV 2600 Shimadzu was used to 

collect sample spectra. The samples were subjected to scanning in the form of powder with 

BaSO4 used as reference. 

8.2.4. Photoactivity 

The Ag3PO4-GR photocatalyst was utilized to perform water purification experiments utilizing 

phenol as a model pollutant. An irradiation source in the form of a 1000 W xenon lamp with a 

cut-off filter at 455 nm was employed. The Hamamatsu C9536-01 irradiation meter recorded a 

value of 3 mW cm-2 at the reactor's surface. 125 mg of photocatalyst was dispersed in 25 ml of 

0.21 mM phenol aqueous solution and placed in the reactor with a quartz window. The mixture 

was stirred throughout the entire process. For establishing sorption/desorption equilibrium, a 

period of darkness lasting 30 minutes preceded each irradiation cycle. The reactor was then 

illuminated, and a 1 ml sample was taken every 5 minutes for a total experiment time of 10 

minutes. To confirm a 2% loss of phenol, a blank sample (no photocatalyst) was also conducted. 

Benzoquinone, a phenol photodegradation byproduct, was analyzed to better understand the 

experiment's processes. Shimadzu HPLC with Kinetex C18 column and SPD-M20 A diode 

array detector at 205 nm were used to analyze the samples. 
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8.2.5. Action Spectra Analysis 

The action spectra of two samples, pure Ag3PO4 and the most active sample of the series, were 

investigated. The degradation of phenol and the increase of hydroquinone concentration were 

studied under monochromatic light at six wavelengths: 455, 460, 480, 505, and 510 nm, 

carrying photons with energies of 2.72 to 2.43 eV. The experiment used a JASCO RM DF 

diffraction gating illuminator coupled with a 1000 W xenon lamp as the light source. In the 

quartz reactor, 25 mg of photocatalyst was suspended in 15 ml of 20 mg dm-3 phenol solution 

and stirred throughout the process. As before, each cycle was preceded by a 30-minute period 

of darkness for sorption/desorption equilibrium, and a blank sample (no photocatalyst) was also 

tested. Irradiation time was set to one hour, after which the concentrations of phenol and 

hydroquinone were analyzed with HPLC. 

8.2.6. Role of active species 

The method used to determine the active species was previously described by Zwara et al. [173]. 

To perform the scavenger experiment, the same procedure as the activity tests was followed, 

with the addition of one of three radical scavengers to the reactor. Each scavenger was tested 

separately, including p-Benzoquinone (BQ), tert-Butyl alcohol (TBA), and AgNO3, which are 

known to scavenge superoxide (O2
-•), hydroxyl (•OH), and electron (e-) species, respectively. 

The concentration of the scavengers in the reaction mixture was set to 0.21 mmol dm-3. 

9. Results  

9.1. Graphene wrapped copper decorated TiO2 for hydrogen evolution form 

water photoconversion  

The experimental samples are presented in Table 5 in the photoactivity section. The composite 

material consisted of three components: 1 - the semiconductor (which is the core of the 

photocatalyst), 2 - a surface modifier based on copper nanoparticles, and 3 - a graphene layer 

coating. Each sample was assigned an ID code that encoded the synthesis conditions 

information. The ID code was constructed as follows: <semiconductor (TiO2)>-<copper based 

surface modifier (if present, indicated as “Cu”)>-<graphene surface modifier (if present, 

indicated as “C”)>-<oven temperature (if applicable) in degrees Celsius>-<graphene synthesis 

time (if graphene synthesis procedure was employed) in seconds>. For example, a sample with 
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the ID TiO2-Cu-C-550-30 represents a TiO2 photocatalyst decorated with copper-based 

nanoparticles and subjected to graphene synthesis at 550°C for 30 seconds, while TiO2-Cu-850 

indicates a sample where only copper modification was performed at 850°C and no carbonic 

layer was synthesized. 

Table 5. List of samples synthesized during the experiment. 

Sample ID 
Synthesis 

temperature (°C) 
Synthesis time (s) 

TiO2-Cu-C-500-30 500 30 
TiO2- Cu-C-500-25 500 25 

TiO2-Cu-550 550 0 
TiO2-Cu-550 550 0 

TiO2-Cu-C-550-10 550 10 
TiO2-Cu-C-550-10 550 10 
TiO2-Cu-C-550-15 550 15 
TiO2-Cu-C-550-15 550 15 
TiO2-Cu-C-550-30 550 30 
TiO2-Cu-C-550-30 550 30 
TiO2-Cu-C-550-45 550 45 
TiO2-Cu-C-550-45 550 45 
TiO2-Cu-C-550-60 550 60 
TiO2-Cu-C-550-60 550 60 
TiO2-Cu-C-550-180 550 180 

TiO2-Cu-600 600 0 
TiO2-Cu-C-600-30 600 30 
TiO2-Cu-C-600-30 600 30 
TiO2-Cu-C-600-60 600 60 

TiO2-Cu-850 850 0 
TiO2-Cu-850 850 0 

TiO2-Cu-C-850-60 850 60 
 

 

9.1.1. Morphology and composition 

The SEM images in Figure 13 show that most of the synthesized photocatalyst samples have 

irregularly-shaped particles, with diameters ranging from 10 to 50 nm, similar to regular P25. 

However, the samples obtained at higher temperatures (T>800ºC) have much larger grain sizes, 
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with individual particles exceeding 100 nm. This increase in particle diameter can be attributed 

to sintering of individual grains, which reduces the contact area between the photocatalyst and 

its surroundings, and may indirectly impact the overall activity of the sample. 

 

Figure. 13 SEM image of pristine P25 TiO2 and selected samples after graphene synthesis [162] 

 

TEM images presented in Figure 14 provide more detailed information on the morphological 

features of the synthesized photocatalysts. The TEM images were combined with 

corresponding Raman spectra, which were normalized against the peak at 1350 cm-1 for 

samples synthesized below 600ºC and against the peak at 1590 cm-1 for samples synthesized 

above 600ºC. The intensity normalization was carried out using the formula:  

Inorm = [I * (100,000 * Imax)]/100 

where Inorm is the normalized intensity, and Imax is the maximal intensity (intensity at 1400 

cm-1 and 6100 cm-1 for samples obtained < 600 ºC and > 600 ºC respectively). 
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Figure. 14 TEM images of selected samples of investigated photocatalysts with superimposed 

corresponding Raman spectra. [162] 
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Figure. 14 TEM images of selected samples of investigated photocatalysts with superimposed 

corresponding Raman spectra. continued [162] 
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Figure. 14 TEM images of selected samples of investigated photocatalysts with superimposed 

corresponding Raman spectra. continued [162] 

 

The TEM images confirm the successful construction of the composite material, showing TiO2 

crystals with dark copper nanoparticles distributed irregularly on their surface, and a narrow, 

few-layered graphene coating visible on the surface of samples where the complete graphene 

synthesis procedure was performed. Raman spectra analysis confirms the presence of the 

desired graphene layer, with distinct D and G bands visible at 1350 cm-1 and 1590 cm-1 

respectively. The presence of the D band is attributed to sp3 hybridized carbon atoms, while 

the G band is attributed to sp2 hybridized carbon atoms, both consistent with the graphene 

structure. These peaks are only present when graphenic carbon is present in the sample, as 

evidenced by Raman spectra that returned "flat" at these wavenumbers when no graphene 

synthesis was attempted, or no copper was present. 

Using TEM images, estimates of graphene layer thickness and copper nanoparticle sizes were 

obtained, with the results presented in Table 6. Simple linear regression analysis showed no 

clear relationship between synthesis conditions and copper nanoparticle size (~1-2 nm) or 

graphene layer thickness (~1.1-1.8 nm). However, a weak positive correlation was found 

between thickness and the G/D band ratio (R2=0.6557), suggesting that good synthesis 
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conditions can benefit both the quality and quantity of the graphene layer. Nevertheless, the 

limited number of cases prohibits drawing any solid conclusions. 

Table. 6 TEM and Raman analysis results. Copper nanoparticle size estimation was based upon 10 

nanoparticles (TEM imaging), Thickness of graphene layer was estimated with TEM imaging 

Sample ID 

 

G/D band  

ratio 

Size of Cu 
nanoparticles 

(nm) 

Thickness of 
graphene layer 

(nm) 

TiO2- Cu-550 - 1.7 - 

TiO2- Cu-850 - 1.6 - 

TiO2- Cu-C-550-10 1.42 1.5 1.2 

TiO2- Cu-C-550-15 1.44 1.7 1.4 

TiO2- Cu-C-550-30 1.77 1.6 1.8 

TiO2- Cu-C-550-60 0.6 2.1 1.1 

TiO2- Cu-C-550-180 1.35 1.3 1.4 

TiO2- Cu-C-850-60 1.41 1.5 1.5 

 

 

Figure 15 displays the pXRD patterns of the investigated samples. The experimental data points 

are indicated by dots, while a solid blue line represents a model containing two tetragonal 

phases of TiO2, namely, atanase (I 41/amd) and rutile (P42/mnm). To calculate the lattice 

parameters (compiled in Table 7) and verify the chemical purity of the samples, the profile 

refinement (LeBail method) was employed. As shown in panels (a)–(d), the starting material 

(P25) and samples treated at temperatures below 600°C comprise both the anatase and rutile 

forms of TiO2. The estimated lattice parameters show almost no difference, with changes not 

exceeding 0.1%. An approximate calculation of the anatase crystallite size (d) was carried out 

using the Scherrer equation and the shape of the first (011) reflection, with 2θ = 25.3 deg. The 

rough estimation reveals a value of d~200 Å. 
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Figure 15. Powder X-ray diffraction patterns for: (a) starting material TiO2-P25, (b) TiO2-Cu-C-550-
30, (c) TiO2-Cu-C-500-25, (d) TiO2-Cu-C-600-30, (e) TiO2-Cu-850, a blue line represents a profile 

refinement (LeBail) with the used TiO2-anatase and TiO2 rutile phases. The Bragg peak positions for 
the first phase are shown by green tick marks, whereas for the second phase by orange tick marks. 

Arrows show Cu reflections. [162] 

 

Upon increasing the temperature to 800°C, the anatase fully transitions to the rutile form, with 

the calculated lattice parameters comparable to those obtained for samples treated at lower 

temperatures. In the TiO2-Cu 850 sample, two faint Cu reflections were observed (see Figure 

15e), marked by arrows. Interestingly, the presence of graphite was not detected, which may be 

due to the small amount of material in the sample. The lack of graphene traces in the XRD 

studies is attributed to the close position of the main graphene and anatase peaks, and the very 

low mass fraction of graphene in the final product. 
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Table 7. Crystal lattice patterns of selected samples. All values in Å. 

Sample ID Anatase Rutile 

 a c d a c  

TiO2  3.7841(2) 9.5036(7) 190 4.5925(5) 2.9565(5) 20% 

TiO2-Cu-C-550-30 3.7864(3) 9.5077(9) 190 4.5964(5) 2.9587(4) 17% 

TiO2-Cu-C-500-25 3.7858(3) 9.5065(7) 200 4.5955(4) 2.9582(3) 18% 

TiO2-Cu-C-600-30 3.7859(3) 9.5058(8) 200 4.5948(6) 2.9587(3) 15% 

TiO2-Cu-850 --- --- --- 4.5924(1) 2.9598(1) 100% 

 

X-ray photoelectron spectroscopy (XPS) was used to assess the chemical composition of the 

samples. High-resolution XPS spectra for the Ti2p region revealed a spin-orbit doublet with 

two peaks around 458.7 eV BE (Ti2p 3/2) and 464.4 eV BE (Ti2p1/2), typical for titanium (IV) 

oxide [156]. These results are consistent with data obtained using XRD. The XPS spectra of 

titanium for processed samples were similar to the reference TiO2 sample, indicating no 

chemical changes in TiO2 during processing. The presence of copper in the analyzed samples 

was confirmed by XPS studies. Due to spin-orbit coupling, the Cu2p state appeared as a doublet 

of peaks (2p3/2 and 2p1/2) with two groups of peaks around 933 eV (Cu 2p3/2) and 953 eV 

(Cu 2p1/2). Deconvolution of Cu2p3/2 peaks suggested the presence of two copper chemical 

states. The Cu 2p3/2 peak at around 932.7 eV can be attributed to the presence of copper (0) or 

copper (I) oxide, as both compounds occur in the same XPS spectrum area [212]. This 

assumption is consistent with data obtained using TEM and XRD, confirming the presence of 

copper in the samples. However, further differentiation of these substances in the obtained 

samples is almost impossible due to the overlap of Ti2s peaks and Cu LMM Auger peaks, which 

are usually used for this purpose [157]. The source of the second Cu 2p3/2 peak, discovered at 

a higher binding energy (935 eV), could be the primary origin of copper in the samples - copper 

acetate [158]. This hypothesis also finds support in the high intensity of the C1s peak observed 

at 289 eV, attributed to the COOR group [213]. 
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Figure 16. XPS spectra of investigated samples. 
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Figure 17. XPS spectra of TiO2-Cu-C-500-25: (a) Ti2P peaks indicative of TiO2 and (b) Cu2P peaks 

indicative of either Cu0 or Cu(I). [162] 

Figures 16, 17, and 18 show XPS spectra and UV-VIS scans of the studied samples. The 

presence of a graphene layer caused a slight redshift in the absorption spectra of the samples, 

possibly related to the hybridization of O2p and C2p atomic orbits, leading to the formation of 

a new valence zone. The presence of copper also affected the absorption edge shift towards 

longer wavelengths. In the case of TiO2-Cu-850, without a graphene layer, the redshift was 

likely associated with the transformation of anatase to rutile induced by exposure to high 

temperature. Copper-modified samples exhibited a band in the 700-800 nm range, attributed to 

the d-d electronic transitions of Cu2+, suggesting partial oxidation of the metal. Synthesis 

conditions indicate that all obtained samples initially contain only metallic copper, but the 

oxidation of copper deposited on TiO2 may occur rapidly in a normal atmosphere, especially 

when the graphene layer is incomplete or absent. XPS scans do not allow distinguishing 

between Cu(0) and Cu(I), suggesting a high probability of coexistence of metallic copper with 

copper oxides on the surface of TiO2.  
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Figure. 18 UV-VIS spectra of selected samples [162] 
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9.1.2. Photoactivity and stability (hydrogen evolution experiment) 

The results of the photoactivity tests have been recalculated to (µmol H2 h-1 gcatalyst
-1) and placed 

in the table 8.  

Table 8. The results of photoactivity experiment with chosen sample synthesis parameters 

Sample ID H2 h-1 gcat
-1 (µmol) 

Graphene 
synthesis time 

(s) 

Graphene 
synthesis 

temperature 
(ºC) 

10% methanol 0 0 N/A 

TiO2 86.56 0 N/A 

TiO2- Cu-850 309.7 60 850 

TiO2- Cu-C-850-60 29.92 60 850 

TiO2- Cu-600 1807.05 0 600 

TiO2- Cu-C-600-60 404.7 60 600 

TiO2- Cu-C-600-30 1141.38 30 600 

TiO2- Cu-550 1589.5 0 550 

TiO2- Cu-C-550-180 2065.62 180 550 

TiO2- Cu-C-550-60 2131.11 60 550 

TiO2- Cu-C-550-45 1731.25 45 550 

TiO2- Cu-C-550-30 2152.17 30 550 

TiO2- Cu-C-550-15 1750.19 15 550 

TiO2- Cu-C-550-10 1897.72 10 550 

TiO2-Cu-500 1825.26 0 500 

TiO2- Cu-C-500-30 2151.66 30 500 

TiO2- Cu-C-500-25 2296.27 25 500 
 

The photocatalytic activity of synthesized samples was evaluated by measuring the amount of 

hydrogen produced during the experiment. A blank sample, containing no photocatalyst, did 

not exhibit any photoactivity, with zero or below detection limit quantities of hydrogen being 

produced over the three-hour experiment. The least efficient samples were those synthesized at 

temperatures of 600ºC and higher (TiO2-Cu-C-850, TiO2-Cu-C-850-60, TiO2-Cu-C-600-60) 

and pristine TiO2 (P25). Within samples treated with T > 600ºC, it appears that the generation 

of graphene covers had a negative effect on photoactivity, as a reverse correlation between the 

amount of evolved hydrogen and graphene synthesis time occurred. The photocatalysts treated 

at lower temperatures demonstrated much higher efficiencies. The most likely explanation for 

this outcome is the sintering that occurs at high temperatures. The individual particles of the 

photocatalyst obtained at 850ºC are roughly ten times larger in diameter compared to pristine 
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TiO2 and materials treated at lower temperatures. Moreover, the anatase to rutile transformation 

occurring at high temperatures may be detrimental to hydrogen evolution capabilities. 

Initially, the exact relationship between synthesis conditions and photocatalyst efficiencies was 

unclear. Therefore, computer modeling was employed, as described in the following section 

and in other work [192], which revealed a negative correlation between synthesis times and 

temperatures and efficiency. Based on the synthesis parameters derived from the computer 

modeling, the most active sample in the experiment (TiO2-Cu-500-25) was synthesized, 

achieving 2296.27 µmol H2 h-1 gcat
-1. The most active sample also demonstrated stability, as 

evidenced by a 15-hour stability experiment conducted in the same manner as the photoactivity 

experiments, with the only difference being that irradiation lasted for 10 hours (the stability 

experiment is further discussed in the latter part of this section). The photocatalyst demonstrated 

stable hydrogen evolution throughout the entire duration of the test. 

The most active photocatalyst from this work was compared to results reported by other 

researchers in table 4. Most of the reported materials had an efficiency below 1%. The 

photocatalyst from the current work allowed for the production of 2.3 mmol H2 h-1 gcat
-1, which 

correlated to 2.06% power efficiency, placing it high on the tier list and next to very similar 

composites [150, 153] with 2.77% and 4.49% efficiencies, respectively. 

A stability test was performed for the most active sample (TiO2-Cu-C-500-25) over a 10-hour 

period. The production of hydrogen continued throughout the whole duration of the experiment 

until the reactor was filled with ~100% hydrogen, which concluded the test. The sample did not 

seem to show signs of deterioration, and it is assumed that its structure may be intact even in 

repeated usage. This finding is in accord with literature data for a similarly structured material 

[193]. 
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Figure 19. Long term stability results for the most active sample (TiO2-Cu-C-500-25). 

 

9.1.3. Computer aided modelling 

In this study, a modeling approach was utilized to explore the impact of different synthesis 

conditions on the photoactivity of the produced samples. The analysis began with a basic scatter 

plot (Figure 21a) of the synthesis time versus temperature. The results revealed that samples 

synthesized at temperatures of 550ºC or less, for a minimum of 30 seconds, exhibited the most 

optimal hydrogen evolution activity. The conclusions drawn from the scatter plot were further 

supported by the correlation coefficients computed and displayed on the correlogram (Figure 

20). 
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Figure 20. Correlation plot that by definition presents the correlation between any two variables. 
Color and the size of the circle indicate the strength and direction of a linear relationship: positive 
correlations are displayed in dark green and negative correlations in brown color. The small circles 
indicate smallest correlation coefficients, whereas big circles denote highest correlation coefficients 

[162] 

 

An inverse correlation between synthesis temperature and photoactivity (r=-0.86) was 

observed, while a weak positive correlation between activity and graphene synthesis time 

(r=0.13) was detected. To identify the optimal synthesis conditions, a photoactivity experiment 

produced 21 results, which were divided into a training data set T (15 results) and a validation 

data set V (6 results). Using a kernel-weighted polynomial regression approach, a 

computational model was developed to search for a pointwise approximation of an unknown 

regression function with the help of p-order polynomials (in this case, p=0) for every point of 

interest. The model considered only the closest few training points to the target point. A detailed 

description of the model can be found in the relevant literature [164, 165, 166]. To verify the 

model's predictive capacity, it was trained using the training data set and then tested using the 

validation data set. To ensure the scientific consistency of the model, several metrics commonly 

used in computational modeling [167, 168, 169] were calculated, including the determination 

coefficient (R2), which indicates the goodness-of-fit, and the external validation coefficients 

(Q2F1, Q2F2, Q2F3) and concordance correlation coefficient (CCC), which indicate the real 

predictive capacity. The root mean square error (RMSE) was used to estimate the overall error 

between the experimental data and the model predictions. Table 9 shows that the developed 

model had high predictive power and goodness-of-fit. 
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Table 9. Predictive model evaluation metrics. [162] 

Quality metrics Minimum 

threshold 

Goodness-of-fit 

R2 0.98 > 0.7 

RMSET 47.86 as low as possible 

Predictive power 

Q2
F1 0.88 > 0.6 

Q2
F2 0.88 > 0.6 

Q2
F3 0.92 > 0.6 

CCC 0.91 > 0.7 

RMSEExt 193.68 as low as possible 
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Figure 21 Scatter plot illustrating the relationship between synthesis temperature and synthesis time 
and their effect on the efficiency of hydrogen production: (a) experimentally measured samples; (b) 

combinatorically generated theoretical samples. [162] 

 

The relation between model derived hydrogen production values and the experimental results 

used for validation, also confirms the accuracy of the model (Figure 22.) 
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Figure 22. Plot of experimentally measured versus predicted values of hydrogen production  

 (H2 h-1 gcat
-1 [µmol]). [162] 

 

The subsequent step involved the utilization of the developed model to determine the optimal 

synthesis conditions for obtaining the most efficient sample for hydrogen generation. To 

achieve this, a multitude of samples with different time and temperature variables were 

combinatorially generated and then modelled. The range of the search was confined to 500-

850ºC and 0-60s to ensure that the model does not make predictions beyond the experimentally 

derived data. The outcomes revealed that the sample synthesized at 500ºC with a graphene 

generation time of 15-45 seconds is expected to produce 2151.66 µmol H2 h-1
gcat

-1. As a next 

step, a physical sample was synthesized at 500ºC with 25 seconds of graphene generation time. 

The resulting sample exhibited a hydrogen generation performance of 2296.27 µmol H2 h-1
gcat

-

1, proving to be the most efficient sample in this study and validating the model's reliability. 

 

9.1.4. Proposed photocatalysis mechanism in TiO2-Cu-C composites 

The presence of a graphene layer has a minor impact on the photocatalytic activity of TiO2-Cu-

C composites, with the presence of copper and other factors having a much greater influence. 

The negative correlation between photoactivity and synthesis temperature is likely due to two 

factors. Firstly, higher temperatures lead to the formation of larger grains of TiO2, reducing the 

surface area/mass of the catalyst. Secondly, temperatures above 600°C cause anatase to rutile 

conversion, resulting in structural changes in Titania crystals that can be detrimental to 

photoactivity. 
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The generation of the graphene layer occurs immediately after the reduction of copper to its 

metallic form, and it is assumed that metallic copper remains reduced until the graphene cover 

is breached. However, it is possible that the cover may be imperfect, leading to oxidation of 

some copper nanoparticles. Previous studies have shown that unprotected metallic copper can 

oxidize almost immediately after exposure to air. The presence of a graphene layer may act as 

a shielding agent to prevent oxidation, but it is not always 100% effective, and there is a 

possibility of copper oxide quantum dots being created from metallic copper nanoparticles 

below 3 nm in diameter. 

There are three potential mechanisms of photoinduced water splitting: TiO2 with metallic 

copper as co-catalyst, TiO2 with CuxOy as composite semiconductors, and both materials 

mixed with a graphene cover. In all cases, the graphene cover serves as an additional, Schottky-

like cocatalyst, preventing charge recombination and acting as a conduit for electrons. 

The weak positive correlation between graphene synthesis time and photoactivity may be due 

to the fact that prolonged synthesis does not necessarily lead to a larger surface area. It is 

possible that graphene is only generated up to a certain point until the entire copper surface is 

covered, insulating it from the surrounding environment. This could explain why TEM images 

of samples with varying graphene generation times do not show significant differences in 

morphology. 

 

9.1.5. Efficiency and viability – hydrogen evolution 

When discussing the efficacy of current photocatalysts, a major issue is the lack of a common 

methodology for reliable comparison between publications and calculation of the actual 

viability of a given photocatalyst. However, recent publications recognize this problem and are 

shifting towards unification of methodology and standardization of result reporting. Some 

authors propose a benchmark of 10% STH efficiency that must be achieved to recognize a 

photocatalyst as industrially viable, but this number is somewhat arbitrary and may omit the 

economical aspect. Economic efficiency may overrule the 10% STH rule and make 

photocatalysts viable even with lower efficiency. 

To assess the economic viability of current photocatalysts,  a thought experiment was 

conducted. Assuming an average household requires 8 kWh per day and that 1 kWh is 
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equivalent to ~14.2 mol H2, with the energy of hydrogen released with the use of a 50% efficient 

power cell, 1 kWh of energy requires 28.5 mols of H2. Since the efficiency of photocatalysts is 

reported in mol h-1 gcat
-1 and there are on average four hours of useful sunlight available in central 

Europe, a hypothetical photocatalyst needs to evolve an equivalent of 2 kWh per one hour, 

which, considering the fuel cell efficiency, gives us ~60 mols of H2 per hour requirement. 

Assuming the efficiency reported in mmol H2 h-1 gcat
-1, the amount of photocatalyst required for 

powering the average household can be calculated using the formula M photocatalyst = (P 

equivalent / Eff)/1000, where M photocatalyst is the required mass of the photocatalyst in kg, 

P equivalent is the power equivalent expressed in mols of H2 required to release 2 kWh of 

energy, and Eff is the photocatalyst efficiency expressed in mmol H2 h-1 gcat
-1. 

For the purpose of this work, a model photocatalyst (TiO2-Cu-C-500-25) was synthesized with 

an efficiency of 2.3 mmol H2 h-1 g-1 and an estimated material cost of producing one ton of the 

photocatalyst of approximately 2823 USD (with current market prices taken from 

worldbank.org). In the model application, 26 kg costing 73.5 USD of this photocatalyst would 

suffice to power one household, but to match current electricity prices, it would have to 

maintain stability over the period of 214 hours. The efficiency of the TiO2-Cu-C-500-25 catalyst 

equals 2.06%, which is almost twice as high as the maximal theoretical efficiency of pure TiO2 

equal to 1.33%, indicating that it is possible to significantly increase the basic capabilities of 

single material semiconductor photocatalysts. However, with this efficiency, the photoreactor’s 

surface required to power a single household would be equal to 100 m2. The amounts of 

photocatalysts needed for any practical attempt of employment are well within tens of 

kilograms, which strongly indicates that only scalable methods of synthesis (like the use of a 

fluidized bed reactor) are viable if any practical scale attempts are to be made. Also, at this 

magnitude of production, the costs cannot be neglected, and thus photocatalysts containing only 

earth-abundant and readily accessible materials are preferable. 

The above estimates are a thought experiment and do not include the costs of an actual 

photoreactor and the equipment necessary to operate it. Nevertheless, they are not outside the 

realm of possibility and confirm that it is entirely possible to proceed with the attempts of 

employing photocatalysts in real-life practice. 
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9.2. Ag3PO4 modified with graphene via plasma sputtering 

In a previous study conducted by Zwara et al. [173], Ag3PO4 was found to exhibit high 

photocatalytic activity, particularly in the rhombic dodecahedral morphology, which 

outperformed other tested morphologies. This morphology was chosen for further 

experimentation in this work, specifically for surface modification with graphene via plasma 

sputtering. To investigate the effect of varying sputtering times on the composite photocatalysts, 

several samples were synthesized, and each was labeled according to the sputtering time as the 

only variable synthesis parameter. The label contains all relevant information concerning 

sample preparation and is encoded as follows: <semiconductor name (Ag3PO4)>_<graphene 

presence indicator marked as "GR" (present if the graphene sputtering has been performed)> 

<(graphene sputtering time) in seconds>. Thus, a sample labeled as Ag3PO4_GR (60s) 

represents Ag3PO4 treated with plasma graphene sputtering for 60 seconds. All synthesized 

photocatalysts and their respective labels have been listed in Table 10. 

 

Table 10. List of photocatalysts synthesized for the purposes of current experiment. 

Sample label Sputter time (s) 
 

Ag3PO4 0  

Ag3PO4_GR(15s) 15  

Ag3PO4_GR(30s) 30  

Ag3PO4_GR(60s) 60  

Ag3PO4_GR(150s) 150  

Ag3PO4_GR(300s) 300  

 

 

 

9.2.1 Morphology and composition 

The investigation of the newly synthesized Ag3PO4 photocatalysts was carried out using SEM, 

TEM, EDS, and HAADF analysis techniques. SEM imaging revealed that the Ag3PO4 particles 

were rhombic dodecahedral in shape, with some irregularly shaped particles in the size range 

of 0.5–10 nm. These particles had smooth surfaces and were similar to those reported in 

previous studies [174-179]. Plasma sputtering treatment of the samples resulted in a visible 
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change in morphology, with the particle size remaining the same but the surface texture 

becoming rugged. The addition of graphene was observed in the form of semi-transparent flakes 

on the surface of Ag3PO4, as marked in circles in Figure 23. 

TEM imaging confirmed the presence of graphene flakes on the surface of Ag3PO4, as well as 

silver nanoparticles, which were 10 nm in diameter, on the surface of Ag3PO4 and on the surface 

of graphene flakes at some distance away from Ag3PO4. The silver nanoparticles were most 

likely a side-product of the sputtering process and originated from Ag+ present in the 

semiconductor. The morphology of the graphene flakes was affected by the sputtering time, 

with shorter sputtering times resulting in more tightly fitted flakes to the surface of Ag3PO4, 

while longer sputtering times produced more discreet and protruding graphene sheets. 

EDS and HAADF analysis provided a better understanding of the elemental composition of the 

synthesized samples. The dominant building blocks of the samples were found to be silver, 

oxygen, phosphorus, and carbon, which aligns with what was expected. The obtained results 

demonstrate that plasma sputtering treatment can significantly change the morphology of 

Ag3PO4, and the addition of graphene can enhance its photocatalytic activity. The presented 

results may have important implications for the design and development of advanced 

photocatalytic materials for various applications. 
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Figure 23. SEM images of obtained photocatalytic composites, graphene flakes have been marked in 

white circles [177] 
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Figure 24. TEM images of Ag3PO4_GR(15s) after photocatalytic process (marked a) and b)) and 

Ag3PO4_GR(150s) marked c) and d). Metallic silver nanoparticles have been marked in yellow circles. 

[177] 

 

Figure 25. Silver nanoparticles in graphene matrix. (a, b) Scanning Transmission Electron 

Microscopy (STEM) High Angle Annular Dark Field (HAADF) imaging (c, d, f, g) – element maps 

and (e) Energy Dispersive X-ray (EDS) spectrum. Sample – Ag3PO4_GR(150s) [177] 
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Figure 26 presents the Raman spectra of the analyzed photocatalysts. The obtained results 

confirm the expected composition of the photocatalyst. All samples exhibited visible peaks at 

406 and 555 cm-1, corresponding to the symmetric and asymmetric bending of [PO4], 

respectively. The symmetric and asymmetric peaks of O-P-O bonds were also visible at 909 

and 1003 cm-1 [180-191]. The G-band related peak remained relatively constant in magnitude 

across all samples, except for the one treated for 300 seconds, where the overall shape of the 

spectra suggested that it was obscured by the background noise and broadened beyond 

recognition due to the buildup of non-graphitic amorphous carbon. The lack of a D-band may 

be attributed to the absence of edge defects in graphene planes or its small size that could not 

be detected against the background noise. 
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Figure 26. Raman spectra of the investigated samples. [177] 

 

 

 

 

 

 



65 
 

The X-ray diffraction patterns of the investigated samples have been analyzed, and the results 

are presented in Figure 7. The diffraction patterns confirm that the initial material is Ag3PO4, 

as evidenced by the presence of peaks at 20.9°, 29.7°, 33.2°, 36.6°, 47.8°, 52.7°, 55.0°, 57.3°, 

61.6°, 69.8°, and 71.9°. These peaks can be indexed by the crystallographic (110), (200), (210), 

(211), (310), (222), (320), (321), (400), (420), and (421) planes, assuming a cubic (P-43n) 

crystal structure type. The refined lattice parameter a is very close to the reported value for 

Ag3PO4, which is a = 6.01839(7) [38], with a value of a = 6.0127(2) Å. 

Neither the base material nor the samples exposed to plasma sputtering showed any traces of 

metallic silver. However, in the post-processed samples, reflections at 38.1, 44.3, and 64.4, 

respectively corresponding to (111), (200), and (220) planes, appeared. This effect is likely due 

to the fact that silver in Ag3PO4 is very susceptible to thermal and photoinduced reduction to 

metallic form. The nanographene deposition method used in this work was specifically selected 

for this material as it allows for graphene nanostructures deposition without significantly 

heating up the sample. The ambient plasma, which carries little heat due to very low density 

(similar to the ionosphere layer of the atmosphere), was used. The obtained diffraction patterns 

did not reveal any traces of graphene in Ag3PO4-GR, possibly due to very low concentration. 
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Figure 27. X-ray diffraction patterns for: Ag3PO4, Ag3PO4_GR(15s), Ag3PO4_GR(150s), before and 

after the photocatalytic process of phenol degradation. [177] 
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Figure 28. UV-VS Spectra of the investigated samples [177] 

 

Figure 28 demonstrates the UV-vis diffuse reflectance spectra of all samples. Pure Ag3PO4 

exhibits prominent absorption properties in both the UV and visible regions, up to 550 nm. 

However, Ag3PO4 subjected to plasma nanographene sputtering process has shown a significant 

increase in absorbance in the visible light region (>560 nm). These results indicate that both 

pure Ag3PO4 and Ag3PO4-GR samples are suitable for use as visible light induced 

photocatalysts. The absorption spectra of Ag3PO4 subjected to plasma nanographene sputtering 

are similar to those reported by other researchers for Ag3PO4-graphene and Ag3PO4-graphene 

oxide composites [193-195] 

 

9.2.2. Photoactivity and stability (water purification experiment) 

The photocatalytic efficiency of the composite photocatalysts was evaluated for water 

purification using phenol as a model pollutant and VIS light only irradiation (with a 455 nm 

cut-off filter). The experimental results are presented in Figure 29. Pristine Ag3PO4 exhibited 

the highest efficiency, degrading 100% of phenol within 5 minutes. Ag3PO4_GR (15s), which 

was sputtered for the shortest amount of time, was the second best performer and achieved 

complete degradation of phenol within 10 minutes. Samples subjected to plasma sputtering for 

exposure times between 30 and 150 seconds performed similarly to each other, except for the 



68 
 

Ag3PO4_GR (300s) sample, which was unable to degrade the phenol within 20 minutes. The 

prolonged sputtering process may have led to the obstruction of the surface of Ag3PO4 by soot 

and/or metallic silver nanoparticles. The rise in the concentration of benzoquinone, a phenol 

degradation product, was proportional to the phenol decomposition and was evident for the 

samples Ag3PO4, Ag3PO4_GR (15s), Ag3PO4_GR (30s), Ag3PO4_GR (60s), and Ag3PO4_GR 

(150s), indicating that the disappearance of phenol was not due to an adsorption process. 

Although the addition of graphene did not enhance the activity of the samples, it significantly 

improved their stability, as shown in Figure 30. Pristine Ag3PO4 was found to be highly 

susceptible to photocorrosion, with the efficiency dropping to only 5% of its original potential 

after just four cycles of water purification. In contrast, the samples subjected to graphene 

deposition through plasma sputtering were found to be much more stable, with Ag3PO4_GR 

(15s) retaining approximately 70% of its initial efficiency after four cycles of the experiment, 

while Ag3PO4_GR (150s) retained around 30%. 

The photocorrosion mechanism of Ag3PO4 involves the reduction of silver to its metallic form 

by electron-hole pairs created by the semiconductor, which leads to the degradation of the 

semiconductor structure and the blocking of light reaching the semiconductor's surface, as non-

transparent silver particles obstruct the flow of photons. Graphene can act as an electron conduit 

and prevent the electrons from reducing the silver atoms, thus avoiding the degradation of the 

semiconductor structure. This mechanism has been described by other authors (references [198-

206]). However, XRD (Figure 27) and TEM (Figure 24 and 25) analysis indicated that graphene 

coating did not fully prevent the photocorrosion of the material, as silver nanoparticles were 

found in all samples that underwent the photocatalytical experiment. Furthermore, some of the 

silver particles were not situated directly on the surface of the semiconductor but rather were 

found on the graphene flakes and separated from Ag3PO4. This indicates that silver 

nanoparticles are capable of migrating from the surface of the semiconductor onto the surface 

of graphene, as observed by other researchers (reference [207]). 
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Figure 29. Kinetics of phenol degradation and benzoquinone evolution. Phenol (green line) is given as 

a percentage of the initial concentration. Benzoquinone concentration (a red line) is given in mg dm-3. 

[177] 
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Figure 30. Results of the stability test. Photocatalysts have been separated from the solution, rinsed 

with deionized water and dried between the cycles. [177] 

 

9.2.3. Action spectra analysis 

To investigate whether plasma sputtering of graphene has an impact on the correlation between 

photoactivity and irradiation wavelength, the study examined pristine Ag3PO4 and the most 

stable sample - Ag3PO4_GR (15s) for action spectra analysis. The apparent quantum efficiency 

(AQE) was calculated as a function of irradiation light (455, 460, 470, 480, 505, 510 nm) using 

the equation:  

AQE(%) = [(2 × number of evolved hydroquinone molecules) / (number of incident 

photons)] × 100%  

As shown in Figure 10, the results revealed that the AQE decreases as the incident wavelength 

increases for both pristine Ag3PO4 and Ag3PO4_GR(15s) photocatalysts. The sample exposed 

to plasma sputtering showed lower activity than pristine Ag3PO4 in the shorter wavelength 

range (455, 460 nm) but became more active than pristine Ag3PO4 in the longer wave range 

(505, 510 nm). The AQE of the samples demonstrated good overlap between the apparent 

quantum efficiencies and absorbance spectrum at different irradiation wavelengths. Therefore, 
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photocatalytic degradation of phenol was mainly dependent on the photoabsorption properties 

of the photocatalyst used. 
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Figure 31. Action spectra of pristine Ag3PO4 and Ag3PO4_GR(15s) Absorption spectra of Ag3PO4 and 

Ag3PO4_GR(15s) has been presented as black and red lines respectively. Apparent Quantum Efficiency 

(AQE) has been presented as black squares for Ag3PO4 and red dots for Ag3PO4_GR(15s) [177] 

 

9.2.4. Role of active species 

To determine if the addition of graphene alters the photoactivity mechanism of silver phosphate, 

an experiment was conducted to determine the role of active species in the photocatalytic 

process. This experiment was compared with previous work done by Zwara et al. where 

rhombic dodecahedral Ag3PO4 was synthesized and investigated for the role of active species 

using the same procedure and equipment. The scavenger experiment results are presented in 

Figure 32, where the most active sample (Ag3PO4_GR(15s)) was chosen for the experiment. 

The graph displays the photodegradation of phenol and the effect of scavengers on the reaction 

rate. It was observed that p-Benzoquinone (BQ) had the greatest impact on slowing the reaction, 

while tert-butyl alcohol (TBA) and silver nitrate (AgNO3) had a lesser impact. These findings 
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suggest that, similar to Zwara's work, superoxides (O2
-•) play the most significant role in the 

phenol degradation process, while •OH radicals and excited electrons do not have as significant 

a role in the reactions. These results are almost identical to those reported by Zwara, indicating 

that the addition of graphene does not alter the chemical pathways of the photocatalytic 

mechanism in this instance. This also explains why there was no increase in photoactivity in 

the graphene-modified samples. 
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Figure 32. Active species participation in the mechanism of phenol degradation for Ag3PO4_GR(15s) 

[177] 

 

9.2.5. Proposed photocatalytic mechanism in Ag3PO4-GR Composites 

 

The deposition of graphene onto Ag3PO4 through plasma sputtering method has resulted in an 

increase in stability. However, contrary to expectations, graphene did not enhance the 

photocatalytic activity, and prolonged sputtering of graphene had an adverse effect on both 

stability and activity. TEM analysis confirmed that graphene did not prevent photocorrosion of 

Ag3PO4, as metallic silver nanoparticles were observed, and their numbers increased during the 

photoactivity experiments. The stability enhancement of Ag3PO4 by graphene modification is 

attributed to two mechanisms: (i) the graphene coating allows electrons to move away from the 

semiconductor, preventing the silver reduction, and consequently reducing the rate of metallic 

silver particle generation, and (ii) the silver nanoparticles migrate from the semiconductor 
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surface to the graphene sheets, thus avoiding obstruction of the Ag3PO4 surface from light. The 

migration of silver nanoparticles has been reported in previous experiments, but not in the 

context of enhancing photocatalyst stability [207]. The scavenger experiment revealed that the 

presence of graphene did not alter the activity mechanism, which follows the same chemical 

paths as described by Zwara et al. in previous work [173], attributing the primary role to 

superoxide radicals. 

9.2.6. Efficiency and viability – water purification 

The efficiency and viability of photocatalysts for water purification make them ideal for 

industrial applications, with many achieving near 100% efficiency within minutes of use. 

However, to make the transition from laboratory to practical use, certain factors must be 

considered. A review of table 1 shows that many photocatalysts designed for water purification 

contain metals such as Ni, Zn, Mn, Sn, Cd, and other elements that may pose a potential risk to 

the environment and human health. The production process is another factor that needs to be 

taken into account, as only a few studies mention the possibility of scalable production. Stability 

is also a crucial factor for photocatalysts intended for environmental purification (water and 

air), as it minimizes the risk of environmental spillage. As environmental waters often contain 

a mix of unpredictable natural substances and/or contaminants such as pharmaceuticals, 

polycyclic aromatic hydrocarbons, and other persistent organic pollutants, it is essential to 

include natural water purification in mainstream research to gather the knowledge required for 

the safe implementation of photocatalytic water purification. In this study, the plasma sputtering 

method was employed to increase stability, and it was shown that an industrial and scalable 

method of plasma sputtering could successfully be used to deposit graphene on the surface of a 

typically unstable semiconductor and increase its stability to a point of reasonable utility. 
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10 Conclusions 

The aim of this study was to verify seven initial hypotheses regarding the effect of graphene on 

the photoactivity and stability of semiconductor photocatalysts. The experimental results have 

provided answers to these hypotheses as follows: 

Re 1. Application of graphene on the surface of a semiconductor can increase its photoactivity, 

possibly through a mechanism similar to that of a metal cocatalyst. However, the effect of 

graphene on the activity of TiO2-Copper composites was small, while no effect was observed 

for Ag3PO4. Furthermore, prolonged graphene synthesis had a detrimental effect on the activity 

of the photocatalysts, suggesting that the influence of graphene on the photocatalytic process is 

specific to each photocatalyst. 

Re 2. The experimental data did not provide a clear answer as to whether graphene increases 

the photoactivity of a photocatalyst by increasing its specific area. Ag3PO4 did not show any 

changes in its photochemical pathways due to the presence of graphene, and no significant 

improvement in activity was observed. In the case of TiO2-Copper composites, high 

temperatures (T>600ºC) of graphene synthesis led to sintering of the semiconductor, thus 

defeating the specific surface gain provided by the graphene. However, samples treated at 

T<550ºC demonstrated a noticeable increase in activity, although the mechanism behind this 

increase remains unclear. Therefore, the second hypothesis remains plausible but requires 

further investigation. 

Re 3. Application of graphene on the surface of a semiconductor greatly increased the stability 

of Ag3PO4, as evidenced by the prevention (or at least slowing down) of the photocorrosion of 

Ag3PO4. Additionally, an unexpected stability increase mechanism was observed in which 

metallic silver nanoparticles migrated from the surface of Ag3PO4 to the body of the graphene 

flakes, preventing obstruction of light reaching the semiconductor by excess metallic silver. 

TiO2-Copper composites, being a relatively stable semiconductor, showed a less pronounced 

effect of graphene on stability. However, the presence of metallic copper in TiO2-Cu-C 

composites indicates the high possibility of graphene preventing (or slowing down) Cu(0) 

oxidation, which occurs quickly under normal ambient conditions. 

Re 4. The results confirm the applicability of scalable and industrial methods for photocatalyst 

synthesis. Two methods were used in this study: chemical vapor deposition (CVD) in a 
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fluidized bed reactor for TiO2-Cu-Graphene photocatalysts, and plasma sputtering for Ag3PO4-

Graphene components. The use of these methods in the field of photocatalyst synthesis has not 

been attempted before, and both methods proved to be fully viable, scalable, and industrial. 

Re 5. The fluidized bed reactor allowed for the synthesis of graphene at temperatures as low as 

500ºC, with the most active samples obtained at precisely this temperature. Therefore, 

hypothesis number 5 is fully confirmed. 

Re 6. Graphene is an unusual material in terms of popular application of plasma sputtering 

reactors. Initially developed for metal coatings, the literature on the use of these reactors for 

obtaining graphene layers is scarce. Therefore, it was not immediately clear whether this 

method would work with a graphite target electrode, especially for photocatalysts. However, 

the experiments confirmed hypothesis number 6. 

Re 7. Graphene was successfully synthesized directly on the surface of the semiconductor in a 

fluidized bed reactor. Metallic copper was necessary for the synthesis of graphene via the CVD 

method. However, this hypothesis was confirmed. 

 

As of today, one of the most important challenges of the field of photocatalyst research is the 

standardization of the photoactivity measurements. The overwhelming majority of the 

published research does not allow for recalculating efficiency data into absolute values, that 

would allow for direct comparison of the results. In order to achieve that, the bare minimum of 

the following information must be included in all published papers: (i) the spectrum of the light 

used for irradiation, (ii) total power reaching the reactor, (iii) the rate of the reaction in the 

function of time for the whole experiment, (iv) temperature inside the reactor.  

Reporting efficiencies as Quantum Yields or Apparent Quantum Yields would be optimal. 

Further research should focus on cataloguing the available efficiency data in order to allow 

more of the industrial application experiments, similar to those done by Kazuhiko, Wang and 

Nishiyama [16-18] with the use of the photocatalysts that are both – efficient, scalable in 

production and environmentally safe. 
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Photocatalysts are not yet fully ready for industrial and commercial application. But they did 

reach a point where semi industrial levels of application experiments would provide invaluable 

data necessary to maintain the current pace of development. 
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