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ABSTRACT 

In this work, the enhancement of g-C3N4 photocatalytic performance by 

surface modification was investigated for two applications: photodegradation of 

tetracycline hydrochloride (TC) and photocatalytic hydrogen evolution.  

To study the effect of g-C3N4 on the photodegradation of TC, g-C3N4 samples 

were prepared by the hydrothermal process with different hydrolysis times and 

temperatures, namely CN-180-x and CN-200-6 and characterized by multiple 

physicochemical techniques. Compared to the CN, CN-180-6 possesses remarkable 

photocatalytic degradation efficiency at 97.17% towards TC removal in an aqueous 

solution. The high visible-light-induced photo-reactivity of CN-180-6 directly 

correlates to charge transfer efficiency, numerous structural defects with a high 

specific surface area, and sufficient O-functional groups over g-C3N4. However, 

hydrothermal treatment at a higher temperature or for a longer time additionally 

induces the growth of extended melem units on the surface of g-C3N4, resulting in 

the inhibition of the charge transfer.  

The hydrogen evolution production was enhanced through the synthesis of g-

C3N4 catalysts co-doped with oxygen (O) and phosphorus (P). By using the doping 

process, controlled amounts of O-groups could be introduced into g-C3N4 without 

the growth of melem units as is the case with hydrothermal treatment. Furthermore, 

the substitution of nitrogen with P and O added into g-C3N4 enabled the separation 

of photogenerated charge carriers, inhibited the recombination of electron-hole 

pairs, and assisted the formation of Pt2+ for hydrogen evolution. As a result, O2.5-

PCNUPt showed the highest hydrogen evolution performance at 439.7 µmol. g‒1.h‒1. 
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Chapter 1. INTRODUCTION 

1.1 Graphitic Carbon Nitride – based photocatalysis 

In recent years, among a numerous number of semiconductors photocatalysts, graphitic 

carbon nitride (g-C3N4) has accumulated significant interdisciplinary attention as an organic, n-type 

visible-light active photocatalyst due to its specific characteristics and potential applications in 

different areas. g-C3N4 is a polymeric material composed of nitrogen and carbon atoms arranged in 

a two-dimensional layered structure similar to graphene. However, the difference between g-C3N4 

and graphene is the inclusion of C-N bonds in g-C3N4 and sp2 hybridization. Besides, basic atomic 

structures in g-C3N4 are characterized by the periodic arrangement of the tri-s-triazine motif within 

the plane, as well as the packing of the structural aromatic systems between layers. Generally, g-

C3N4 is synthesized via the pyrolysis of organic substances containing both carbon and nitrogen, 

such as urea, thiourea, melamine, and ethylene diamine. 

Owing to its excellent photocatalytic characteristics, g-C3N4 is a material that offers several 

advantages, demonstrating it is a promising candidate for a wide range of applications [1-5].  

Notably, among these advantages is its exceptional photocatalytic activity, the well-known metal-

free semiconductor g-C3N4 has been indicated as a promising material for photocatalysis due to its 

suitable band gap (2.7 eV) for visible light particularly [6-8]. Furthermore, the bandgap of g-C3N4 

can be controlled by adjusting its chemical structure and composition, thus optimizing it for specific 

applications [9, 10]. Additionally, g-C3N4 is characterized by chemical and thermal stability, and 

ecological friendliness, and has a relatively low cost compared to other semiconductors [11-13]. 

Although enormous efforts have been made in various ways to utilize photocatalysts, there 

are still many challenging problems in the photocatalytic performance of g-C3N4. One of these 

drawbacks is its low specific surface area, which reduces the ability for adsorption and 

photocatalysis [14]. Furthermore, the low separation and high recombination rate of photogenerated 

charge carriers inhibit the photocatalytic performance of g-C3N4 [15, 16]. Its hydrophobic surface 

also inhibits the adsorption of water molecules, which in turn hinders its efficiency to facilitate the 

splitting of water molecules or the degradation of pollutants [17, 18]. To overcome these issues, 
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numerous attempts have been made to facilitate the photocatalytic behavior of g-C3N4 via 

heterostructure construction [19, 20], defects engineering [21, 22], and doping technology [23-25].  

1.2 Hydrothermal method 

The defect modification of g-C3N4 has been extensively employed to significantly enhance 

its photocatalytic performance [26-29]. In terms of the enhancement of the overall performance of 

materials, the hydrothermal process has been introduced as an effective and uncomplicated method 

to significantly improve the photocatalytic properties of the g-C3N4 photocatalyst. This facile and 

green method can etch numerous defects on the g-C3N4 surface and introduce desirable O-

containing functional groups to improve photodegradation efficiency [7, 30]. Hoang et al. prepare 

synthesized g-C3N4 material through solvothermal treatment including O-functional groups, which 

facilitated the defect on the g-C3N4 surface [7]. While Hou et al. suggest that the O-doped g-C3N4 

and defect engineering by the hydrothermal process can enhance the charge separation and inhibit 

the recombination of electron-hole pairs, which increases the photocatalytic activity of g-C3N4 [30]. 

However, it was reported that strong hydrolysis in the method also degraded a regular array of tri-s-

triazine (melem) units in the g-C3N4 structure [30]. To the best of our knowledge, there have been 

no reports on the effects of extended melem unit formation on g-C3N4 via hydrothermal treatment. 

1.3 Doping method 

The doping method is one of the most advantageous approaches to incorporate foreign 

atoms or molecules into the g-C3N4 crystal lattice structure to modify the energy band structure and 

electronic physical properties [24, 31, 32]. Due to its ability to increase the production of 

photocatalytic reactions, this technology is particularly helpful in the field of semiconductor 

research and has attracted a lot of interest. The doping process can enhance the photocatalytic 

activity base on the increase of light absorption with the narrow band gap, and alter the desirable 

element for electronic and optical properties. Among numerous elemental doping strategies, oxygen 

(O) and phosphorus (P) doping have garnered a great deal of attention. Oxygen doping can 

significantly increase the quantity of O-containing functional groups on the surface and alter the N 

in the g-C3N4 framework, which improves the charge transfer and slow down the recombination rate 
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of the electron-hole pairs [33, 34]. Otherwise, phosphorus doping is demonstrated for great 

photocatalytic activity due to introducing additional energy levels into the band structure [23, 35]. 

Despite these advanced properties, the doping method has several drawbacks, such as difficulties in 

regulating the concentration of the dopant and the potential to introduce unintended contaminants 

into the substance. Moreover, the O and P co-doped are not thoroughly discussed thus far in the 

photocatalytic reaction. This led to our belief in the need for studying this knowledge. 

1.4 Photodegradation of tetracycline hydrochloride antibiotic 

Antibiotics are considered one of the greatest medical discoveries of the 20th century, 

which are used to prevent and treat bacterial infections. Nonetheless, the overuse of antibiotics in 

daily life and livestock farming has led to antimicrobial resistance. In the natural habitat, the 

antibiotic residues from domestic sewage and breeding are discharged into the soil and aquatic 

environment, which increases the concentration of toxins, causing a threat to its ecosystem function. 

Around the world, in 2019, more than 1 million people were killed and almost 5 million deaths 

were correlated with antibiotic residues [36].  As a result of its detrimental effects on human health 

and livestock security, antibiotic residues in the environment have gained widespread attention. 

Tetracycline hydrochloride (TC) is one of the most common pharmaceutical residues 

belonging to a broad-spectrum antibiotic with a stable four-ring structure (Figure 1), which prevents 

bacteria from synthesizing proteins by disrupting the bindings of aminoacyl-tRNA to the ribosome 

[37]. Therefore, a variety of methods have been developed to remove TC from an aqueous 

environment, including membrane separation, biodegradation, adsorption, Fenton oxidation, and 

photocatalyst degradation [38-40]. Among them, the photodegradation process is considered a 

superior strategy for the elimination of TC based on its low cost, sustainable technology, and high 

removal efficiency [19, 41, 42]. 
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Figure 1. Tetracycline Hydrochloride structure. 

Two steps can be implemented to explain the photodegradation mechanism of TC utilizing 

g-C3N4 in an aqueous solution: Initial electrostatic interactions and van der Waals forces between 

the adsorbate and the photocatalyst surface enable the pollutant to be absorbed on the g-C3N4 

surface. There is a slow reduction in the concentration of TC in the aqueous solution at this point, 

and this amount of TC is of no significance. After the absorption phase, the light source is turned on 

and starts the light phase. Under visible light irradiation, the electron-hole pairs separate, generating 

the photoelectrons transfer to the g-C3N4 surface to facilitate the formation of reactive species, such 

as hydroxyl radicals and superoxide radicals. These radicals, especially the superoxide radical 

known as the main break down TC into degradation products, which are less harmful molecules or 

CO2 and H2O. Besides that, the holes in g-C3N4 also can directly oxidate TC at another pathway. As 

a result, it is necessary to use photocatalysts with the appropriate range of bandgaps to facilitate the 

photodegradation of TC, and g-C3N4 is one of the most suitable catalysts. 

1.5 Water splitting photocatalyst for H2 evolution reaction 

In recent decades, the consumption of energy and the requirements for energy has increased 

rapidly as a result of population growth, industrialization, and technological advancements. Energy 

consumption is primarily derived from fossil fuels such as coal, oil, and natural gas, which account 

for 66% of total energy consumption (Figure 2). The availability of these resources is currently 

declining drastically, and they will be difficult to replenish soon. Further, fossil fuels are regarded 

as the main source of CO2 emissions that contribute to global warming [43].  
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Figure 2. The Global total consumption by source and CO2 emissions from fuel combustion in 

2019 [43] 

Several strategies have been implemented by the governments to reduce dependence on 

fossil fuels, such as reducing energy consumption and improving the efficiency of private and 

industrial buildings; particularly the use of renewable energy sources [44]. As a renewable energy 

resource, hydrogen from photocatalytic water-splitting based on semiconductors has the potential to 

meet the green energy mandate of no CO2 emissions as sunlight and water are clean, abundant, and 

renewable sources. In addition, Pt is one of the most popular and important elements in hydrogen 

evolution reactions due to its active site and stability. Its active site involves the adsorption and 
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dissociation of hydrogen atoms for generating H2 [45]. The hydrogen evolution reaction mechanism 

can be described in three-step: i) Light absorption to generate electron-hole pairs, ii) The charge 

transfer and separation of electrons, iii) Surface redox reaction for hydrogen evolution reaction with 

Volmer reaction (𝐻2𝑂 + 𝑒
− → 𝐻𝑎𝑑𝑠 +𝑂𝐻

−) and Tafel reaction (𝐻𝑎𝑑𝑠 +𝐻𝑎𝑑𝑠 → 𝐻2). Under light 

irradiation, the electrons from the VB of the g-C3N4 can be excited into the CB and leave the holes 

at the VB. Owing to the Fermi level difference between g-C3N4 and Pt, the Schottky barrier was 

formed and the photogenerated electrons are easily shifted from the g-C3N4 to the Pt via this energy 

barrier. Subsequently, the electrons are transferred to the surface of Pt and enrolled in the Volmer 

step, which generates absorbed hydrogen atoms. Finally, in the Tafel reaction, molecular hydrogen 

formation by the connection of two adsorbed hydrogen atoms [46].  

1.6 Research objectives 

Through surface modification of g-C3N4 using a couple of facile synthesis processes, this 

thesis aims to enhance the photocatalytic performance and properties of this material. Hence, the 

studies are organized around two primary goals. 

For the first study, the extension of the melem unit and further growth of the extended 

melem unit during the hydrothermal treatment and the effect on the photocatalytic behaviors will be 

carefully evaluated for the photodegradation of TC in an aqueous solution under visible light 

irradiation. Various hydrothermal treatment times for modifying the CN will be chosen at different 

periods. XRD, FTIR, TEM, BET, XPS, UV-Vis DRS, EIS, PL, and TRPL will be conducted on 

each sample to analyze their characteristics. Finally, TC removal performance will be performed to 

assess the effect on the photodegradation efficiency of TC. 

The second research involves investigating the electronic and physicochemical effect of the 

Oxygen and Phosphorus co-doped over CNU by hydrogen evolution reaction. Furthermore, the 

interface interaction between O-groups, Phosphorus, and Pt valence state formation will be 

examined. The calcination technique will be used to synthesize co-doped photocatalysts in a one-

step synthesis. In addition, the properties of the prepared photocatalysts will be characterized by 

various techniques.  
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Chapter 2. MATERIALS AND METHOD 

2.1 Catalyst preparation 

Pristine g-C3N4 was synthesized by a thermal polycondensation method. The precursor, 

thiourea (30 g) (CH4N2S, ≥99%, supplied by Sigma-Aldrich Korea, South Korea), was placed in a 

crucible covered with aluminum foil and heated to 550 ◦C for 4 h (ramping rate = 5 ◦C/min) in a 

muffle furnace. The as-synthesized bulk g-C3N4 sample was named CN. One gram of CN powder 

was dissolved in 100 mL of DI water and then sonicated for 2 h at room temperature. The 150 mL 

Teflon™ autoclave containing the CN-180-x samples (x = 3, 6, or 9 h where x was the 

hydrothermal period) was heated in an oven to 180 ◦C (ramping rate = 5 ◦C/min). In comparison 

with the CN-180-6, the CN-200-6 was synthesized in 6 h at 200 ◦C. The resulting materials were 

repeatedly rinsed with DI water after cooling to room temperature before being freeze-dried for the 

photocatalytic activity test and further characterization. The schematic procedure for CNT and 

catalyst synthesis was illustrated in Figure 3. 

 

Figure 3. The synthesis of CN, CN-180-x, and CN-200-6. 

The oxygen and phosphorus co-doped g-C3N4 (OyPCNU) samples were synthesized via one-

pot polymerization treatment of urea, hypophosphorous acid, and a certain amount of ammonium 

persulfate as a dynamic gas template and O precursor. Firstly, the urea bulk (CNU) was calcined at 

550°C for 2h in a crucible covered with aluminum foil with ramping rate = 5 ◦C/min in a muffle 

furnace. The preparation process is as follows: 10g of urea and y(g) of ammonium persulfate were 

ground and mixed well together, where y = 1.5, 2.5, and 3.5. After transferring the mixer to a 

ceramic crucible (50mL), a 5mL solution of 1 wt.% P was added and stirred to form a homogeneous 

slurry. The final mixer was calcined with the same procedures in CNU preparation. For the 
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hydrogen evolution reaction test, a magnetic stirrer was used to dissolve the OyPCNUPt samples in 

1000 mL of DI water for 60 min. The H2PtCl6‧6H2O amount added to the mixture was calculated to 

set the initial content of Pt at 3 wt.%. Pt on OyPCNU was processed with hydrogen reduction for 60 

min under a 30 rpm H2 flow rate at 60 °C. The precipitates were collected and dried under 70°C 

oven temperature for additional characterization in the final step. The materials were CNUPt, 

O1.5PCNUPt, O2.5PCNUPt, and O3.5PCNUPt, according to their OyPCNU precursors. The schematic of 

OyPCNU and OyPCNUPt synthesis is illustrated in Figure 4. 

 

Figure 4. The synthesis of OyPCNUPt catalysts. 
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2.2 Characterization 

A QUADRASORB™ SI surface area instrument (Quantachrome Instruments, Boynton 

Beach, FL, USA) and N2 adsorption-desorption isotherms were applied to measure the Brunauer–

Emmett–Teller (BET) specific surface areas. The morphologic changes of the CN-180-x and CN-

200-6 were determined by transmission electron microscopy (TEM) Tecnai G2 F20 X-TWIN (FEI, 

Austin, TX, USA). The Pt element composition of OyPCNUPt samples was validated using an 

inductively coupled plasma–optical emission spectrometer (ICP-OES) (700-ES; Varian Australia 

Pty. Ltd., Mulgrave, Australia). The morphologies of the OyPCNUPt samples were investigated 

using Scanning transmission electron microscopy (STEM) (JEM-ARM300F, JEOL, Japan) and 

Field-emission scanning electron microscopy (FE-SEM) (Quanta 200 FEG, FEI Corp., Hillsboro, 

OR, USA). A Cu K X-ray source with a wavelength of 1.5415 (scan rate of 2◦ (2θ)/min) was used 

to study the X-ray diffraction (XRD) patterns of the photocatalytic samples using a D/MAZX 2500 

V/PC high-power diffractometer from Rigaku (Tokyo, Japan). A Fourier transform infrared (FTIR) 

transmittance spectrometer (Nicolet™ 380 spectrometer, Nicolet™ iS5 with an iD1 transmission 

accessory by Thermo Scientific™, Waltham, MA, USA) was employed to determine the functional 

groups of the produced photocatalysts. X-ray photoelectron spectroscopy (XPS) was carried out 

using Thermo Scientific’s K-Alpha system. 

A UV–Vis diffuse reflectance spectrometer (UV-DRS) (SPECORD® 210 Plus 

spectroscope; Analytik Jena, Germany) examined the optical characteristics of the photocatalysts. 

The electrochemical impedance spectroscopy (EIS) data was conducted on an impedance analyzer 

(VSP series; Bio-Logic Science Instruments, Seyssinet-Pariset, France). A fine powder mixture 

containing 20 mg catalyst sample and 2 mg of active carbon was added into 100 µL isopropanol 

99.7% and 30 µL Nafion 5 wt.% (both from Sigma-Aldrich Korea, Gyeonggi, South Korea). The 

electrolyte for the three-electrode electrochemical cell consisted of 10 mL of a 1 M NaOH solution. 

While a RE-1BP (Ag/AgCl) electrode was the reference electrode, the platinum wire was the 

counter electrode, and the working electrode was a 6 mm standard glassy carbon electrode. To 

measure the EIS, 10 µL of the obtained mixture was carefully coated onto the glassy carbon 

electrode. Then, setting a frequency range of 0.01 Hz to 100 kHz with a 10 mV amplitude and a 
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direct current potential of +0.8 VSCE was utilized. For additional verification of the charge carrier 

recombination rate, time-resolved photoluminescence (PL) spectra were analyzed by an FS5 

spectrofluorometer (Edinburgh Instruments Ltd., Livingston, UK) under 400 nm laser excitation 

and the emission decay was fitted with tri-exponential functions. 

2.3 Photocatalytic activity 

2. 3. 1 Photodegradation test 

The photocatalytic activities were conducted by an Oriel’s Sol1A™ Class ABB system 

with a 140 W xenon lamp and UV cut-off filter (λ > 420 nm) as the light source. In a typical 

photodegradation, 10 mg of as-prepared samples were suspended in 50 mL of 20 ppm TC. Before 

the photocatalytic reaction, the suspension was stirred for 60 min in the dark phase to achieve 

adsorption–desorption equilibrium and then irradiated for 2.5 h at the ambient temperature. At 30 

min intervals, 3 mL of the solution was filtered through a polytetrafluoroethylene membrane filter 

(Whatman GmbH, Dassel, Germany) and analyzed by absorbance at λmax = 357 nm as a function of 

the amount of radiation it received, which was measured using a SPECORD 210 Plus spectroscope. 

The pseudo-first-order kinetic model was followed by Equation 1:  

  (1)  

where C0 (mg/L) was the initial concentration of TC before irradiation, C was the actual TC 

concentration at time t, and k was the kinetic rate constant (min−1) [47, 48]. In addition, to confirm 

the reusability of the as-prepared samples, a 4-cycle experiment was carried out for 50 min for each 

run under the same reaction conditions. 

The role of the reactive species in the removal of TC over the CN-180-6 samples was 

determined by some specific scavengers. Specifically, 5 mM Teoa triethanolamine (TEOA) (h+ 

quenching agent), 5 mM isopropyl alcohol (IPA) (•OH quenching agent), and 5 mM p-

benzoquinone (BQ) (•O2
− quenching agent) were dropped into the solution for the quenching 

experiments. 
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2. 3. 2 H2 evolution reaction test 

For the photocatalytic H2 evolution experiments, a solar simulation system with a light 

source consisting of an LED lamp with a light intensity set to 100 mW.cm−2 was used. Each 

photocatalyst (30 mg) was then dissolved for 30 min with high-purity Argon purging in the dark in 

100 mL of DI water. As a hole scavenger, 10 mL of triethanolamine (TEOA) was incorporated into 

the solution. Argon was used to purge the reactor system before starting H2 evolution tests. An 

online gas chromatograph with an installed thermal conductivity detector was utilized to examine 

the gas products. The same setup in 5 h cycles was used for the photocatalyst stability tests. At the 

beginning of each cycle, an extra amount of TEOA (10 mL) was added to the solution, and Argon 

was again used to purge the reactor system. 
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Chapter 3. RESULTS AND DISCUSSION 

3.1 The growth of extended melem units 

3. 1. 1 Physicochemical properties 

The N2 adsorption–desorption isotherms of the as-prepared photocatalysts were depicted in 

Figure 5. All the samples obviously exposed type IV isotherms with a hysteresis curve of the type 

H3 pattern, confirming the mesoporous characteristic of the catalysts. Otherwise, the specific BET 

surface area (SBET), pore volume (V), and average pore diameter (L) of the samples are represented 

in Table 1. During the hydrothermal treatment, the SBET and V values for the CN-180-x and CN-

200-6 samples had a volcano pattern with a maximum at CN-180-6. The highest values were 75.0 

m2 g −1 of SBET and 0.60 cm3 g −1 of V, respectively, which were almost 3 times higher than those 

for CN (28.5 m2 g −1 and 0.20 cm3 g −1). The high specific surface area can enhance the light-

harvesting and improve the photodegradation performance of the photocatalyst. However, the CN-

180-9 and CN-200-6 showed lower SBET and V values due to a longer hydrolysis time and a higher 

hydrothermal temperature. This could be related to the strong hydrolysis/oxidation degree and the 

attachment of O-containing groups over g-C3N4, which will be clarified later in the TEM images 

and XPS data. 
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Figure 5. N2 adsorption/desorption isotherms of as-prepared photocatalysts. 

Table 1. Specific surface area, pore volume, and average pore size of photocatalysts were 

determined via N2 adsorption-desorption isotherm measurements. 

Samples SBET (m2/g) V (cm3/g) L (nm) 

CN 28.516 0.201 0.030 

CN-180-3 58.950 0.347 0.012 

CN-180-6 75.000 0.603 0.005 

CN-180-9 27.534 0.113 0.002 

CN-200-6 5.032 0.065 0.002 
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The morphological structures of the CN-180-x and CN-200-6 samples were examined by 

TEM images. As displayed in Figure 6, all of the as-prepared samples exhibited a typical two-

dimensional sheet-like structure. In comparison to the clean surface of the CN-180-3 (Figure 6a), 

the CN-180-9 and CN-200-6 showed the obvious pothole structure on the surface of g-C3N4 due to 

the longer hydrothermal time and the higher temperature, resulting from further hydrolysis on the g-

C3N4 surface structure (Figure 6c,d). However, the CN-180-6 displayed less pothole structure but 

significant unevenly porous cracks on the surface at high magnification, implying the highest 

specific surface area for CN-180-6. 

 

Figure 6. TEM images of CN-180-3 (a), CN-180-6 (b,e), CN-180-9 (c), and CN-200-6 (d). 

The crystal structures of all synthesized photocatalysts were analyzed by the XRD 

measurement (Figure 7A). For pristine CN, two characteristic peaks appearing at 12.6 and 27.7° 

could be ascribed to the (100) and (002) crystal planes of the graphite-like structure of CN, 

respectively (JCPDS 87-1526) [49]. The significant peak centered at 27.7° was related to the 

interplanar staking in the g-C3N4 and the minor diffraction peak at 12.6° corresponded to the in-

plane tri-s-triazine unit in the g-C3N4 [50-52]. After the hydrothermal process, the typical XRD 

diffraction peak at 27.7° for as-synthesized samples remained not notably different, maintaining the 
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strong crystallinity. However, with increasing hydrothermal time and temperature, a new peak 

arising around 10.6◦ was increased along with the gradual decrease of the peak at 12.6°. First, the 

peak shift from 12.6 to 10.6° corresponded to the extension of the in-plane staking structure (the 

melem unit) from 0.68 nm to 0.83 nm [53]. Second, the sharp peak at 10.6° could be interpreted as 

the growth of the extended melem unit during the hydrothermal treatment. Therefore, the extension 

of the melem unit started at CN-180-6, and the extended melem unit was continuously grown by the 

further hydrolysis process.  

Meanwhile, the chemical structure of the as-prepared samples was monitored by FTIR 

spectroscopy (Figure 7B). The intense peak at 810 cm−1 represented the characteristic vibration 

mode of the triazine unit. The absorption bands located at 1200–1600 cm−1 were assigned to the 

typical stretching mode of the C-N aromatic structure. Broad bands at 3000–3600 cm−1 were the 

result of the uncondensed terminal amino groups or hydroxyl groups [41, 54]. The main peaks of 

the CN-180-x and CN-200-6 samples were consistent with the pristine g-C3N4, confirming that the 

main chemical structure of graphitic carbon nitride was maintained even after the hydrothermal 

treatment for a long time and at high temperatures. 
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Figure 7. (A) XRD patterns and (B) FT-IR spectra of CN-180-x and CN-200-6 samples. 
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Additionally, the XPS measurement was employed to further probe the chemical bonding 

states of all the photocatalysts. In Figure 8, the XPS data of C 1s, N 1s, and O 1s for the CN-180-x 

and CN-200-6 samples are shown. In the C 1s spectra, the peak centered at 287.8 eV was related to 

the sp2 -bonded carbon (N–C=N), and the peak at 284.5 eV corresponded to C-C bonds [55, 56]. 

During the hydrothermal treatment, the deconvolution of C 1s displayed other peaks centered at 

289.0 eV and 286.3 eV, which were assigned to the –COOH species and the −NHx groups, 

respectively [57-60]. The N 1s spectra of the as-prepared samples could be fitted into three 

characteristic peaks centered at 398.0 eV, 398.7 eV, and 400.6 eV, relating to the pyridine N (C-

N=C), the bridging N atoms in N-(C)3, and the amino groups with H, respectively [61, 62]. 

Meanwhile, the O 1s XPS data of the CN-180-x and CN-200-6 samples showed three prominent 

peaks at 530.6 eV, 531.5 eV, and 533.0 eV, which were attributed to −COOH, −OH, and the C=O 

species, respectively [63-65]. After the hydrothermal process, the intensities of the peaks at 530.6 

eV and 533.0 eV were increased, indicating the addition of more O-containing functional groups in 

the as-synthesized samples, which was also confirmed by the EA results (Table 2). In Table 2, the 

rapid increase in the atomic ratio of O/N up to CN-180-9 implied the introduction of more O-

functional groups onto the g-C3N4 surface. Even though CN-180-9 obtained the highest ratio of O/N 

compared to all the photocatalysts, its morphological structure displayed fewer defects than the CN-

180-6, which was confirmed in the TEM images. These resulted in a lower SBET value for CN-180-9 

than that for CN-180-6 (Table 2). 
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Figure 8. XPS data of C 1s, N 1s, and O 1s for all the photocatalysts. 

Table 2. C/N and O/N atomic ratios of all prepared samples were obtained from elemental analysis. 

Sample 
Element Analysis 

Atom (wt.%) Atomic Ratio 

 C N O C/N O/N 

CN 33.8 60.3 4.5 0.65 0.07 

CN-180-3 32.3 58.2 7.6 0.65 0.11 

CN-180-6 29.7 53.3 13.5 0.65 0.22 

CN-180-9 28.5 50.4 17.6 0.66 0.31 

CN-200-6 31.5 56.1 10.3 0.66 0.16 
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3. 1. 2 Optical properties of modified g-C3N4 

The optical absorption properties of the as-synthesized samples were investigated by the 

UV–Vis diffuse reflectance spectra (UV-DRS). As shown in Figure 9A, the absorption edge of CN, 

CN-180-x, and CN-200-6 were in the range of 300–520 nm, from the UV to the visible light region 

[66]. In comparison to all prepared samples, CN-180-6 displayed a red shift and broad absorption 

throughout the visible spectrum, corresponding to the light-harvesting improvement for the 

photocatalytic reaction [67]. Additionally, the energy band edges (Eg) of the catalysts were 

estimated by the Tauc plot method and displayed in Figure 9B. The Eg values for CN, CN-180-3, 

CN-180-6, CN-180-9, and CN-200-6 were estimated at 2.72, 3.09, 2.83, 3.21, and 3.11 eV, 

respectively, which slightly enlarged with the integration of the O groups during the hydrothermal 

treatment. Moreover, the valence bands (EVB) and the conducting band (ECB) of the CN-180-x and 

CN-200-6 samples were conducted according to the empirical equation as follows [68]: 

  (2) 

   (3) 

where χ possessed the absolute electronegativity of the semiconductor (about 4.73 eV); E e 

was the energy of free electrons (about 4.5 eV). Hence, the EVB values for CN-180-3, CN-180-6, 

CN-180-9, and CN-200-6 were 1.78, 1.64, 1.84, and 1.79 eV vs. NHE, while the related ECB were 

−1.32, −1.18, −1.37, and −1.33 eV vs. NHE, respectively (shown in Figure 10). 
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Figure 9. (A) UV–Vis DRS absorption spectra, (B) Tauc plots for the band gap, (C) the EIS 

Nyquist plots, and (D) time-resolved fluorescence decay spectra in the ns time scale with excitation 

400 nm (inset table: the calculated average fluorescence lifetime (τav)) of as-synthesized CN-180-x 

and CN-200-6 samples. 
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Figure 10. Band diagrams of the CN-180-x and CN-200-x photocatalysts. 

Electrochemical impedance spectroscopy (EIS) was an effective analysis to assess the 

charge transfer efficiency of the photocatalysts. As depicted in Figure 9C, the diameter of the arc 

radius for the as-prepared samples gradually declined from CN, CN-180-3, and CN-180-6. The EIS 

Nyquist plot of CN-180-6 revealed the smallest semicircle arc radius, suggesting the highest 

separation and transfer efficiency of the electron–hole pairs [69, 70]. Interestingly, the CN-180-9 

and CN-200-6 samples exhibited higher O-containing functional groups than the pristine g-C3N4; 

nevertheless, the arc radius of CN-180-9 and CN-200-6 were larger than that of the bulk, which 

demonstrated that the growth of the extended melem unit during the hydrothermal process could 

directly contribute to increasing the g-C3N4 surface resistance, resulting in the retardation in the 

transfer of charge carriers. To confirm the photogenerated electron transfer dynamics, the time-

resolved PL decay spectra were investigated and fitted by a tri-exponential function (shown in 

Figure 9D). The average lifetime (τ) of the charge carrier of the as-prepared samples was obtained 

by the following Equation (4): 
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  (4) 

where A1, A2, and A3 are the corresponding amplitude, and τ1, τ2, and τ3 are the lifetime 

[71]. The CN-180-6 displayed slower exponential decay kinetics and its τ value was 5.61 ns which 

was much higher than that for CN (5.44 ns), CN-180-3 (5.46 ns), CN-180-9 (5.15 ns), and CN-200-

6 (3.73 ns). The results implied that the formation of the O-containing melem unit during the 

hydrolysis/oxidation reaction initially greatly prolonged the lifetime of the photocarrier, enhancing 

their potential for contribution to the photocatalytic reaction [54, 72, 73]. Nevertheless, the longer 

hydrothermal reaction time and higher temperature negatively reduced the τ value due to the 

continuous growth of the extended melem unit. It was remarkable that the longer lifetime of the 

photocatalyst demonstrated the reduction recombination rate of the photogenerated electron, and 

thus improved the photocatalytic reaction [74]. In addition, the longer TRPL lifetime for CN-180-6 

was further well confirmed with its highest charge transfer efficiency (EIS results) and high 

photodegradation performance. 

3. 1. 3 Photodegradation performance 

Figure 11A illustrates the photocatalytic activity of the pristine g-C3N4, CN-180-x, and CN-

200-6 over the degradation of TC. Firstly, the removal of TC was investigated for 60 min under the 

dark phase to obtain the adsorption–desorption equilibrium. The TC concentration remained 

unchanged without a light source. After that, the photodegradation tests were conducted under 

visible light irradiation (λ > 420 nm). In Figure 11B, the TC removal efficiency of the as-prepared 

samples was exhibited. The photocatalytic activity of the CN-180-x and CN-200-6 was enhanced 

initially in the order of CN < CN-180-3 < CN-180-6 (67.61, 84.60, and 97.17%, respectively) and 

declined dramatically for the CN-180-9 > CN-200-6 (57.91 and 23.30%, respectively). 
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Figure 11. Photodegradation efficiency of TC by CN-180-x and CN-200-6 under visible light 

irradiation (140W xenon lamp, λ > 420nm) (A) C/C0 vs. t (Initial condition: 20 mg L−1 TC, 0.2 g 

L−1 catalyst, pH = 4.40, 20°C), and (B) TC removal efficiency (%). 
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The reaction kinetic behaviors of the as-prepared samples were also investigated and 

demonstrated in Figure 12. According to the pseudo-first-order kinetic equation, all the fitted lines 

had a high linearity value (R2 > 0.98) (Figure 12A and Table 3), which showed that the 

photocatalytic activity can be well modeled by the equation. The reaction rate constant (k) values 

are displayed in Figure 12B. The k values of TC photodegradation for pristine CN, CN-180-3, CN-

180-6, CN-180-9, and CN-200-6 were 0.0066, 0.0118, 0.0236, 0.0058, and 0.0023 min−1, 

respectively. The k value for degradation of TC over CN-180-6 was about 3.7 times higher than that 

of CN. It was elucidated that the introduction of O-functional groups onto the melem unit during the 

hydrothermal process initially increased the reaction rate of the photodegradation, resulting in the 

highest photocatalytic efficiency of CN-180-6 (97.17%). However, the growth of the extended 

melem unit despite the abundant addition of O-containing functional groups suppressed the TC 

photodegradation over CN-180-9 and CN-200-6, which was directly correlated to the charge 

transfer efficiency. As displayed in Figure 13, the recyclability and stability of the CN-180-6 were 

evaluated for four continuous cycles (600 min). Under visible light, the photodegradation rate of 

CN-180-6 was firmly unchanged, demonstrating high activity and stability, making it a promising 

photocatalyst for TC degradation. 

Table 3. Kinetic rate constants (k) and correlation coefficients (r2) of TC photodegradation. 

Sample k × 103 (min-1) r2 

CN 6.6 0.98247 

CN-180-3 11.8 0.99719 

CN-180-6 23.6 0.98859 

CN-180-9 5.8 0.99199 

CN-200-6 2.3 0.99224 
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Figure 12.  (A) The pseudo-first-order reaction kinetics and (B) rate constants (k) of as-prepared 

photocatalysts for TC photodegradation. 
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Figure 13. Recycling ability evaluation of CN-180-6. 

To investigate the contribution of different reactive species involved in the photocatalytic 

activity, triethanolamine (TEOA), isopropyl alcohol (IPA), and p-benzoquinone (BQ) were utilized 

to quench h+, •OH, and •O2
−, respectively [75, 76]. As illustrated in Figure 14, under visible light 

irradiation, the introduction of IPA and TEOA slightly inhibited the TC removal efficiency from 

97.17 to 80.91 and 84.18%, respectively, revealing that the •OH and h+ played a minor role in the 

TC photodegradation. However, a notable decrease in TC removal (15.86%) was obtained with the 

addition of BQ, suggesting that •O2
− was the dominant species in the photocatalytic process. The 

electron in the CB of CN-180-6 could be excited from the VB and then reduced the O2 to form the 

•O2
− radicals based on the more negative CB potential (−1.18 eV vs. NHE) compared to the 

standard redox potential of O2/•O2
− (−0.33 eV vs. NHE), which was in good agreement with the 

band structure (Figure 10) [77]. 
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Figure 14. The influence of reactive species on TC removal efficiency (%). 

3. 1. 4 Conclusion 

In this work, we modified g-C3N4 via the hydrothermal treatment under different conditions 

and applied them for the photodegradation of TC. We found that the hydrothermal treatment 

induced not only the addition of sufficient O-containing groups into CN but also the formation of 

extended melem units on g-C3N4. The latter inhibited the charge transfer on g-C3N4, resulting in a 

high recombination rate of photogenerated electron–hole pairs. Moreover, the porous crack 

structure of the extended melem units optimized the specific surface area, which enhanced the 

visible light absorption and the TC adsorption ability in photocatalytic degradation. The best 

efficiency of CN-180-6 for the TC degradation under visible light irradiation was achieved at 97.17% 

because CN-180-6 contained more abundant O-functional groups and less extended melem unit on 

g-C3N4 with the highest specific surface area. Furthermore, from the reactive species test, •O2
− was 

proven as a main reactive species involved in the TC degradation. 
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3.2 The O and P co-doped effect on the H2 evolution reaction 

3. 2. 1 Physicochemical and morphological properties 

The Brunauer-Emmett-Teller(BET) technique was used to analyze the specific surface area 

and pore diameter distributions of the photocatalysts by the N2 adsorption–desorption isotherms of 

the as-prepared photocatalysts were shown in Figure 15. The samples exposed type IV isotherms as 

well as a hysteresis curve with a pattern similar to type H3, which indicates that the catalysts are 

mesoporous. In addition, the specific BET surface area (SBET), pore volume (V), and average pore 

diameter (L) of the samples are represented in Table 4. The improved SBET following the other of 

CNUPt < O3.5PCNUPt < O2.5PCNUPt < O1.5PCNUPt (40.4 < 59.2 < 69.1 < 70.5 m2/g). The O and P 

co-doped significantly enhanced the surface area of the OyPCNUPt compared to the CNUPt sample. 

The increased O-doping content may have contributed to the reduction of SBET and the decrease in 

V. The photocatalyst may have a higher surface area, which would enhance its photocatalytic 

activity. 
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Figure 15. The N2 adsorption-desorption isotherm and the corresponding pore diameter distribution 

(insert) of photocatalysts. 

Table 4. Specific surface area, pore volume, and average pore diameter of all synthesized samples 

were determined via N2 adsorption-desorption isotherm measurements. 

Samples SBET (m2/g) V (cm3/g) L (nm) 

CNU 40.4 0.39 12.0 

O1.5PCNUPt 70.5 0.62 17.0 

O2.5PCNUPt 69.1 0.48 12.0 

O3.5PCNUPt 59.2 0.48 17.0 
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The chemical composition of CNUPt, O1.5PCNUPt, O2.5PCNUPt, and O3.5PCNUPt was 

examined using Fourier transform infrared spectroscopy (FTIR) and depicted in the acquired 

spectra in Figure 16A. The spectra exhibited a strong peak in the 3000-3500 cm‒1 range, indicating 

a single-bond interaction with hydrogen (such as hydroxyl groups or NHx groups). The typical 

aromatic C = N or C-N stretching mode first emerged between 1200-1700 cm‒1, while the heptazine 

cycle shown in the CN structure peaked at 810 cm‒1 [41, 54]. The results suggested that the main 

peaks of CNU were retained following the doping process. Besides, compared to the CNUPt, two 

new peaks appeared in the OyPCNUPt representing the successful co-doped of O and P in the CNU 

structure. The intense peak observed at around 2184 cm‒1 indicates the vibration mode of cyano 

groups ( – C≡N), and another peak at 1000  cm‒1 shows the stretching mode of –POx groups [23, 

78].  

As seen in Figure 16B, XRD measurements were used to examine the crystal structures of 

the synthesized photocatalysts. According to JCPDS 87-1526, pure CNU showed two distinctive 

peaks at 12.6 and 27.7°, which, respectively, correspond to the (100) and (002) crystal planes of the 

structure of CNU. The small peak at 12.6° matched the in-plane tri-s-triazine unit in the g-C3N4 and 

the peak centered at 27.7° to the interplanar stacking in the g-C3N4 [50-52]. After the doping 

process, the typical XRD diffraction peak at 27.7° and 12.6° for O1.5PCNUPt and O2.5PCNUPt 

samples remained not notably different, maintaining the strong crystallinity. However, the 

intensities of these two peaks were decreased in O3.5PCNUPt, suggesting that the CNU structure can 

be affected by the decrease of the O ratio in the co-doped process. Additionally, the O3.5PCNUPt 

XRD pattern revealed strong Pt peaks at 39.9, 46.4, 67.6, and 81.4°, which were attributed to the 

(111), (200), (220), and (311) crystal planes, respectively [46]. whereas it was found that the Pt 

diffraction peaks were slightly less intense in the order of O2.5PCNUPt < O1.5PCNUPt < CNUPt. 

These results imply that Pt can exist in the CNU structure as a single atom with increasing oxygen 

doping level and P introduction. However, Pt can grow to a bigger size if there is more oxygen 

present. 
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Figure 16. (A) FT-IR spectra and (B) XRD patterns of photocaalysts. 
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As shown in Figure 17, the morphological structure of photocatalysts was investigated. 

From the FE-SEM images, CNUPt (Figure 17a,b) was observed with a clean surface and 

overlapping lamellar structure of g-C3N4. While the co-doped OyPCNUPt samples showed small 

fragments and holes due to the O-doping. Moreover, compared to the layer-by-layer structure of the 

CNUPt sample, the O3.5PCNUPt revealed a hollow and porous structure with numerous structural 

defects on the surface (Figure 17g,h) due to the increase of the O-doping effect. The high-density Pt 

distribution of as-prepared samples was illustrated and confirmed in Figure 18 by STEM 

measurements. A great number of sub-nm atom clusters were determined in addition to single Pt 

atoms in CNUPt and O1.5PCNUPt (Figure 18a,b). Additionally, the homogeneous Pt single atoms 

were observed in Figure 18c for O2.5PCNUPt. Otherwise, O3.5PCNUPt revealed a larger Pt 

nanoparticle size (~1.44 nm), which was consistent with the XRD patterns. The d-spacing of Pt(111) 

> 0.223nm could be described as the formation of isolated PtO2 [79]. 
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Figure 17. FE-SEM images of CNUPt (a,b), O1.5PCNUPt (c,d), O2.5PCNUPt (e,f), and O3.5PCNUPt 

(g,h). 
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Figure 18. STEM images and Pt diameter (nm) of CNUPt (a), O1.5PCNUPt (b), O2.5PCNUPt (c), and 

O3.5PCNUPt (d). 

Furthermore, to confirm the composition and the surface chemical state of the following co-

doped materials, X-ray photoelectron spectroscopy (XPS) was analyzed and displayed the C 1s, N 
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1s, C1s, O 1s, P 2p, and Pt 4f, in Figure 19. The surface atomic ratio and atomic percentage of O, P, 

and Pt were demonstrated and shown in Figure 20. Additionally, evidenced the weight percentage 

of C, N, O, and Pt, was obtained from the elemental analysis (EA) and an inductively coupled 

plasma-optical emission spectrometer (ICP-OES). In Figure 19, the C1s spectra showed the peak at 

284.5 eV and 288.0 eV, corresponding to the C-C bonding and N–C=N bond, respectively. While 

the peak displayed at 286.0 eV and 289.0 eV can be deconvoluted for the amino groups (–NHx) and 

the carboxyl groups (–COOH), respectively [57-60]. The N 1s spectra contained peaks at 401.0, 

399.8, and 398.5 eV fitting into the –NHx, N–(C)3, and N2C (or C–N=C), respectively. Moreover, 

the doping of O and P demonstrated a new small peak center at around 404.1 eV, which was 

associated with the localization of positive charge within the heterocycles [33]. The located peaks at 

533.0, 532.2, 531.0, and 530.6 eV were assigned to −OH, C=O, PtO, and  −COOH, respectively 

[80]. As demonstrated in Table 5, the O content was increased due to the increase of Oy with the 

weight percentage increase in the other of O1.5OCNUPt < O2.5OCNUPt < O3.5OCNUPt. Furthermore, 

the increasing atomic ratio of C/O confirmed that O was successfully introduced into the CNU. The 

P 2p spectra displayed two typical peaks centered at 134.6 eV and 133.8 eV, indicating the 

existence of P–Ox bonding and P–C in the OyPCNUPt structure [23, 81]. In addition, Pt 4f spectra of 

photocatalysts were studied with peaks at 71.2 eV and 74.5 eV, relating to metallic Pt (Pt0) and also 

confirmed through the XRD results, while Pt2+ and Pt4+ were observed at 72.7, 76.1, 74.9, and 78.2 

eV, respectively [7, 46]. Only Pt2+ was shown in the Pt 4f spectra of O2.5OCNUPt, indicating that 

Pt4+ was completely reduced throughout the hydrogen reduction process and confirming the 

significant interaction between Pt and CNU.  

Table 5. N, C, O, and Pt content (wt.%), and the atomic ratio of photocatalysts. 

Samples 
wt.% Atomic ratio 

Na
 Ca

 Oa
 Ptb

 P/Oc C/Na
 O/Na

 

CNUPt 59.7 34.0 4.34 2.70 0.00 0.66 0.13 

O1.5PCNUPt 56.6 30.0 5.49 2.80 0.67 0.62 0.18 

O2.5PCNUPt 55.6 29.0 7.49 2.35 0.42 0.61 0.26 

O3.5PCNUPt 50.0 23.1 11.5 2.27 0.29 0.54 0.50 

a: obtains from EA 

b: obtains from ICP-OES 

c: obtains from XPS 
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Figure 19. XPS data of C 1s, N 1s, O 1s, P 2p, and Pt 4f for all the photocatalysts. 

 As shown in Figure 20A, the O-containing functional groups of synthesized samples 

obtained from O 1s and P 2p were illustrated. The P–Ox groups of photocatalysts significantly 

increased following to O1.5PCNUPt < O2.5PCNUPt < O3.5PCNUPt (14.3 < 23.0 < 32.3 at.%), due to 

the increase of O content in the OyPCNUPt. Meanwhile, compared to other samples, O2.5PCNUPt 

displayed the highest atomic percentage of Pt–O in the order of O2.5PCNUPt > O1.5PCNUPt > CNUPt 
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> O3.5PCNUPt (20.0 > 18.7 > 16.6 > 14.1 at.%). From Table 5, the Pt loading content of all 

photocatalysts was demonstrated to be approximately equal to the initial loading content (3 wt.%). 

Furthermore, the formation of Pt–O bondings led to the rise of –OH groups in the CNU structure 

(O3.5PCNUPt < CNUPt < O1.5PCNUPt < O2.5PCNUPt) as well as the decrease of C=O groups 

(O3.5PCNUPt = CNUPt > O1.5PCNUPt > O2.5PCNUPt). This revealed that Pt could form the bonding 

with O in C=O groups, however, the increasing of P–Ox groups number can complete with Pt more 

than C=O. Figure 20B showed that the content of Pt4+ reduced to Pt2+ increasing from 45.5 < 50.8 < 

100.0 at.% (CNUPt < O1.5PCNUPt < O2.5PCNUPt) and the lowest amount of Pt2+ was at 40.0 at.% 

(O3.5PCNUPt). The presence of Pt2+ was demonstrated to improve the H2 evolution production as 

well as the charge separation efficiency in the photocatalysts structure. These results indicated that 

during the hydrogen reduction process, the Pt4+ could interact with the OyPCNU structure to form 

Pt2+, and O2.5PCNUPt was expected to be the highest H2 evolution performance sample owning to its 

sufficient O and P co-doped CNU material and highest Pt2+ concentration. 

 

Figure 20. Atomic percentage (at.%) of (A) O-containing functional groups and (B) Pt valence state. 

3. 2. 2 Optical properties of modified OyPCNUPt 

The optical absorption characteristics of the as-prepared samples were examined using the 

UV-Vis diffuse reflectance spectra (UV-DRS). Figure 21A shows that the absorption edges of 

CNUPt, O1.5PCNUPt, O2.5PCNUPt, and O3.5PCNUPt comprise both the UV and visible light areas and 
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range from 300 to 600 nm. O2.5PCNUPt had wide absorption over the visible spectrum, which 

indicated higher light-harvesting efficiency for the photocatalytic process among all the prepared 

samples. Additionally, as shown in Figure 21B, the energy band edges (Eg) of the catalysts were 

estimated using the Tauc plot method. Eg values were determined as 2.70, 2.80, 2.50, and 3.25 eV 

for CNUPt, O1.5PCNUPt, O2.5PCNUPt, and O3.5PCNUPt, respectively. The results demonstrate that 

oxygen and phosphorus co-doping may successfully modify the bandgap of CNU, which is crucial 

for enhancing the photocatalytic activity of photocatalysts. 

The photoluminescence (PL) spectra show an intensity proportional to the electron-hole 

recombination rate, which makes them a useful indirect method of estimating the recombination 

rate of photocatalysts. OyPCNUPt catalysts were characterized by PL emission spectra to assess the 

efficiency of photogenerated electron-hole pair separation, shown in Figure 21C. All of the PL 

spectra for the OyPCNUPt catalysts in this investigation display two primary emission bands with 

centers at 435 nm and 460 nm, which is consistent with other studies. The sequence of the emission 

intensities in the PL spectra is O3.5PCNUPt > CNUPt > O1.5PCNUPt > O2.5PCNUPt, indicating that the 

lowest emission intensity, which corresponds to the slowest recombination rate, is displayed by 

O2.5PCNUPt. This result implies that the charge separation and recombination dynamics of the 

photocatalysts, which are key aspects of the photocatalytic activity, are impacted by co-doping with 

O and P. 

To determine the efficacy of charge separation of photogenerated carriers in photocatalysts, 

electrochemical impedance spectroscopy (EIS) is a frequently used method. In the EIS plot (Figure 

21D), a smaller arc radius indicates a higher charge-transfer efficiency, which is an important factor 

in overall photocatalytic activity. The arc radius of the semicircle for O2.5PCNUPt is less than those 

for O3.5PCNUPt, CNUPt, and O1.5PCNUPt, as shown by the Nyquist diagram in Figure 21D, 

indicating strong conductivity and efficient charge transfer. Notably, a rise of O-containing 

functional groups was seen along with a steady decrease in the arc radius of OyPCNUPt in the order 

of CNUPt > O1.5PCNUPt > O2.5PCNUPt. 
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Figure 21. (A) UV–Vis DRS absorption spectra, (B) Tauc plots for the band gap, (C) the PL spectra, 

and (D) the EIS Nyquist plots of OyPCNUPt photocatalysts. 
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Table 6. Fitted parameters of CNUPt, O1.5PCNUPt, O2.5PCNUPt, and O3.5PCNUPt for the Nyquist 

plots. 

Fitted parameters CNUPt O1.5PCNUPt O2.5PCNUPt O3.5PCNUPt 

Rs (Ohm) 29.59 14.95 26.08 22.57 

Rct (Ohm) 1890 1752 1282 2190 

C1 (F) 5.91 × 10-6 2.05 × 10-6 7.50 × 10-6 8.25 × 10-6 

C2 (F) -0.02 × 10-3 -1.00 × 10-3 2.08 × 103 0.56 × 103 

In addition, as shown in Figure 22A, the VB of the CNUPt, O1.5PCNUPt, O2.5PCNUPt, and 

O3.5PCNUPt were determined as 1.5, 1.6, 1.5, and 2.1 eV, respectively, by the XPS-VB. The 

theoretical CB position was computed at ‒1.20, ‒1.20, ‒1.00, ‒1.15 eV using equation (3). In Figure 

22B, the band structure diagram of all photocatalysts was illustrated. The results indicated that the 

production of H2 through the reduction of H+ was feasible since the synthesized samples had a 

beneficial potential. Furthermore, it was possible that the highly negative position of the CB of 

O2.5PCNUPt could assist with the greater H2 evolution reaction in an aqueous environment, which 

agreed with the PL and EIS results.  

 

Figure 22. (A) XPS-VB spectra and (B) band structure diagram of the synthesized samples. 
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3. 2. 3 H2 evolution performance 

As shown in Figure 23A, the photocatalytic H2 evolution over time for all the OyPCNUPt 

catalysts was illustrated. A higher H2 evolution rate was observed for O1.5PCNUPt and O2.5PCNUPt 

than for CNUPt, while a lower rate was observed for O3.5PCNUPt. The highest H2 evolution 

production was O2.5PCNUPt at 2198 µmol. g‒1. The CNUPt, O1.5PCNUPt, and O3.5PCNUPt 

manifested H2 evolution production of 1330, 1464, and 1190 µmol. g‒1, respectively. Besides that, 

the H2 evolution rate of all the photocatalysts was shown in Figure 23B in the order of O2.5PCNUPt 

> O1.5PCNUPt > CNUPt > O3.5PCNUPt (439.7 > 292.7 > 265.9 > 238.0 µmol. g‒1. h‒1, respectively). 

According to these results, co-doping with oxygen and phosphorus enhances the photocatalytic 

activity of CNU for hydrogen evolution reactions. A synergistic effect was demonstrated between 

Oxygen and Phosphorus co-doping to produce the highest H2 evolution production and rate for 

O2.5PCNUPt. By introducing oxygen and phosphorus into the CNU lattice, defect sites can be 

introduced and the electronic structure of the photocatalyst may be modified, improving charge 

transfer and separation efficiency. It is also suggested that the photocatalytic activity is determined 

by the concentration of the co-dopants, with a maximum rate of H2 evolution when O and P are in 

optimum concentrations. Besides that, the photocatalytic stability of O2.5PCNUPt through three runs 

was investigated and shown in Figure 23C. The result revealed that the H2 production remained 

constant after the third run, indicating exceptional photocatalytic stability and reusability for 

visible-light-driven H2 generation. 
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Figure 23. (A) Hydrogen evolution performance (µmol. g‒1), (B) Hydrogen evolution rate (µmol. 

g‒1 .h‒1) of OyPCNUPt, and (C) recycle test of O2.5PCNUPt. 

 With the results gained above, the chemical structure of CNUPt, O2.5PCNUPT, and 

O3.5PCNUPt before and after the Pt loading process were illustrated in Figure 24. In the CNUPt, Pt2+, 

and Pt4+ were formed with the PtO and Pt-N coordination bonds without the existence of a P-doping 

element [46, 82]. Whereas, the Pt4+ in the O3.5PCNUPt was significantly transformed to the isolated 

PtO2, as confirmed by the STEM images. Additionally, through the XPS data and STEM results, the 

homogeneous Pt2+ single atoms were generated owing to an ideal O/P doping ratio. The 

homogeneous Pt single atoms led to the effective charge transfer, resulting in the highest H2 

evolution rate. 
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Figure 24. A schematic formation of CNuPt, O2.5PCNUPt, and O3.5PCNUPt (before and after Pt 

loading). 

3. 2. 4 Conclusion 

In conclusion, a one-step calcination process was successfully employed co-doped O and P 

into the CNU structure. It had been confirmed that the co-doped materials could enhance the 

photocatalytic activity via lower the energy band gap, improving the charge separation, and 

preventing the recombination of electron-hole pairs. Furthermore, by the effect of O and P co-doped, 

the Pt was facilitated to form the Pt2+, which promoted the H2 evolution production. As a result, the 

most appropriate O-doping content, O2.5PCNUPt, revealed the greatest H2 evolution rate at 439.7 

µmol g−1h−1. 
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Chapter 4. CONCLUSION 

After using various surface modification processes to enhance the photocatalytic activity of 

g-C3N4, the thesis can be concluded as: 

The effectiveness of hydrothermal treatment on CN in the photodegradation of TC under 

various circumstances was investigated in the first study. The hydrothermal treatment sufficiently 

added O-containing groups to CN and the formation extended melem units on CN at the same time, 

which hindered the charge separation efficiency. With a rate of 97.17%, CN-180-6 demonstrated 

among the studied samples the best effectiveness in TC decomposition under visible light 

irradiation. This was owing to CN-180-6 having the largest specific surface area since it has more 

O-functional groups in general and less extended melem units specifically on CN. 

Hydrothermal treatment could introduce more O-containing functional groups into the g-

C3N4 structure, however, the longer hydrothermal time could lead to the extension of melem units, 

which had a negative effect on the photocatalytic performance of g-C3N4. Since the O and P co-

doped g-C3N4 through a one-step calcined process could inhibit the formation of melem units and 

control the O-doping concentration. Moreover, OyPCNUPt materials could narrow the bandgap 

structure, advance the charge separation, suppress the recombination of electrons, and especially 

facilitate the reduction of Pt4+ to Pt2+ during the hydrogen reduction procedure to improve 

photocatalytic production. Consequently, the O2.5PCNUPt manifested the highest H2 evolution rate 

at 439.7 µmol g-1 h-1 due to the sufficient O and P co-doped content. 
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