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ABSTRACT 

In this study, platinum (Pt)-containing graphitic carbon nitride (g-C3N4) catalysts 

modified using simple chemical oxidation of g-C3N4 were prepared for the first time, and 

the catalysts were applied to photocatalytic hydrogen evolution tests. The hydrogen 

production rates of the chemically oxidized Pt/g-C3N4 photocatalysts (2,471.7 and 

3,640.8 µmol g−1 h−1) were found to be at least 5 times higher than those of bulk Pt/g-

C3N4 (429.3 and 728.8 µmol g−1 h−1). During the Pt photodeposition on the g-C3N4 

surface, the chemically oxidized g-C3N4 with a more negatively charged surface and the 

functional groups maintained the high ratio of Pt2+/Pt0 among the Pt nanoparticles. The 

higher proportion of Pt2+ sites on the chemically oxidized g-C3N4 enhanced the hydrogen 

evolution rate by suppressing the reversible reaction route of H2 to 2H+. In addition, the 

chemically oxidized g-C3N4 with oxygen-containing functional groups improved the 

separation efficiency of photoexcited charges over Pt/g-C3N4. 

 On the basis of the enhanced hydrogen production thanks to the above-mentioned 

properties of chemically oxidized g-C3N4, different Pt loading methods such as chemical 

reduction, hydrogen reduction, and photoreduction on chemically oxidized g-C3N4 were 

studied to investigate the support’s properties on Pt deposition processes. Among 

different Pt loading methods, the hydrogen reduction method gave the chemically 

oxidized Pt/g-C3N4 with the highest photocatalytic hydrogen production, which could be 

explained by the synergy of high ratio of Pt2+/Pt0, high Pt nanoparticles distribution, and 

efficient photoinduced charge transfer from chemically oxidized g-C3N4 onto active site 

Pt. 
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Chapter 1: Introduction 

This chapter outlines the need for hydrogen energy, water splitting process (section 

1.1), Pt/g-C3N4 photocatalyst, and chemical oxidation method (section 1.2). Finally, 

section 1.3 describes the purposes of this research. 

1.1 Global energy crisis and hydrogen energy from water splitting 

The rapid climb in the world population and higher lifestyle standards have led to 

tremendous growth in global energy demand. Figure 1.1 displays energy consumption in 

the world from 2000 with a projection to 2050. There is an upward trend from the 

beginning of this century, and this trend is predicted to continue up to and including 2030. 

 

Figure 1.1. Total global energy consumption since 2000 with projections until 2050 [1] 

Along with higher energy consumption is the higher greenhouse gas emission, in 

which CO2 takes part in over 3 fourth mainly from fossil fuels (see Figure 1.2 and 1.3). 

Greenhouse gas emission has been one of the main reasons for the Earth’s climate change 

by trapping heat, and also contributed to respiratory disease from smog and air pollution. 

Extreme weather, food supply disruptions, and increased wildfires are other effects of 

climate change caused by greenhouse gases. 
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Figure 1.2. Global greenhouse gas emissions [2] 

 

Figure 1.3. Global carbon emissions from fossil fuels, 1900 - 2014 [2] 

Therefore, there is an urgent need for the development of an alternative energy 

resource to fossil fuels that is renewable, clean, and environment friendly to help 

overcome present global issues including climate emergency, eventual exhaustion of 

energy supplies, retail uncertainty, and foreign oil reliance. Nowadays, there are several 

alternative energy sources including wind, geothermal, hydropower, and solar which are 

relatively clean and sustainable in comparison with fossil fuels, however, each of them 

has some limitations which make this substitution challenging: 

• Electricity producing from wind turbines is not storable and the wind turbines 

themselves are dangerous with nearby residents. 
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• Geothermal energy requires a high cost to be practical and may lead to 

geological instability. 

• Hydroelectric energy brings about many environmental issues like 

deforestation, methane gas from dead trees, and interruption to wildlife. 

Besides, it is known to be potential for dam failure. 

• Although solar energy is free, it has some drawbacks due to the dependence on 

location and time, and the low energy density per unit land area. 

 Hydrogen (H2) is considered to be a storable and clean energy source for the 

future. The main advantages of using hydrogen as a fuel include its sustainable sources 

like biomass or water, its high energy yield, its friendly with the environment, and its high 

storage capability. 

There are two main pathways to produce H2 today (Figure 1.4). Comparing with 

other resources for H2 production, water is the most inexpensive and plentiful on the 

Earth. Furthermore, among the sustainable energies, solar energy has been considered a 

more promising source due to its lesser location dependence in comparison to wind and 

hydropower energy. Therefore, H2 production by photocatalytic water splitting has 

attracted great interest because of its applicability in the conversion of abundant solar 

energy to clean hydrogen energy, enabling sustainable development via semiconductor 

photocatalysis technology [3]. Besides the low cost and high solar-to-H2 efficiency, this 

method can separate hydrogen and oxygen streams and can be applied in various reactor 

sizes which is appropriate for small-scale usage. 

 

Figure 1.4. Hydrogen production methods 

 The photocatalytic water splitting process is described in Figure 1.5 [4]: 

• In the first step, the photocatalyst absorbs photon energy higher than its band 

gap energy and generates excited electrons and holes. 
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• Then, these photoexcited charges separate and move to the surface of the 

catalyst. 

• In the last step, the adsorbed water molecules undergo reduction and oxidation 

by reaction with the photogenerated electrons and holes to produce H2 and O2, 

respectively. 

 The first two steps depend strongly on the structural and electronic properties of 

the semiconductor photocatalyst, while the third step is promoted by a cocatalyst loaded 

on the photocatalyst surface, which usually is a noble metal such as Platinum (Pt) or 

Palladium (Pd). 

 

Figure 1.5. Photocatalytic water splitting processes on heterogeneous photocatalysts [4] 

1.2 Pt/g-C3N4 photocatalyst and chemical oxidation method 

The high efficiency of semiconductor photocatalysis is the key to advance solar 

energy harvesting into feasible industrial applications [5]. Even though a lot of 

semiconductor photocatalysts have been extensively investigated, graphitic carbon nitride 

(g-C3N4), a metal-free polymeric semiconductor, has been paid special attention to in 

recent years owing to a narrow bandgap (2.7 eV) fitted to visible light irradiation, a simple 

preparation way to large-scale production, and surface functional groups to improve the 

photocatalytic performance [6, 7]. However, g-C3N4 as a photocatalyst has a limit from 

its three-dimensional layered structure that significantly hinders electron transportation 

in g-C3N4 and fast recombination of photo-induced electron–hole pairs, thus resulting in 

a decrease of the photocatalytic activity [8-10]. In the past decade, many efforts have been 

made to overcome the disadvantages of g-C3N4 [11-15]. 
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Recently, chemical oxidation in a K2Cr2O7/H2SO4 solution of g-C3N4 was 

introduced to modify the surface properties of g-C3N4 [16, 17]. The chemical oxidation 

of g-C3N4 can cause the exfoliation of C3N4 sheets from the three-dimensional g-C3N4 

structure and the formation of functional groups on the g-C3N4 surface, which is 

advantageous approach to promote the photocatalytic efficiency of g-C3N4. In a previous 

study, the introduction of functional groups onto the exfoliated C3N4 sheets in the 

chemical oxidation step increased the adsorption capacity and photocatalytic activity of 

chemically oxidized g-C3N4 [17]. Another promising way to enhance the photocatalytic 

hydrogen evolution performance over g-C3N4 is to use a noble metal as a co-catalyst. 

Specifically, the role of Pt co-catalyst in the photocatalytic hydrogen evolution has been 

widely studied in abundant literature because Pt is one of the most efficient co-catalysts 

in the photocatalytic processes [3, 18-22]. To date, there have been several important 

issues in the utilization of Pt as co-catalyst to improve the photocatalytic hydrogen 

evolution rate: i) Pt nanoparticle size effect [20, 23], ii) metal-support interaction [19, 24], 

and iii) active Pt sites on hydrogen evolution [18, 25-27]. 

However, to the best of our knowledge, Pt co-catalyst has not been loaded into the 

g-C3N4 modified by the simple chemical oxidation and this system has not been employed 

for photocatalytic hydrogen evolution, yet. The features of the chemically oxidized g-

C3N4 such as the exfoliated g-C3N4 morphology containing surface functional groups can 

induce unique interaction with the Pt co-catalyst during the different Pt loading processes, 

thus resulting in high efficiency of photocatalytic hydrogen evolution. 

1.3 Research objectives 

In the scope of this thesis, novel Pt/g-C3N4 photocatalysts prepared by the simple 

chemical oxidation to apply for the photocatalytic water splitting were synthesized for the 

first time. The photocatalytic hydrogen evolution performances of the chemically 

oxidized Pt/g-C3N4 were investigated compared with those of bulk Pt/g-C3N4. Based on 

the enhancement in photocatalytic activity and correlatively important properties such as 

Pt particle size, Pt oxidative states, g-C3N4 surface functional groups, g-C3N4 surface 

charge, and photo-excited electron-hole pairs separation efficiency, different Pt loading 

methods on chemically oxidized Pt/g-C3N4 (chemical reduction, hydrogen reduction, and 

photoreduction) were conducted to study the influence of these properties on efficiency 

of hydrogen evolution by various state-of-the-art characterization methods. 
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Chapter 2: Experiments 

2.1 Catalyst preparation 

2.1.1 Preparation of bulk and chemically oxidized Pt/g-C3N4 

The preparation of bulk and chemically oxidized Pt/g-C3N4 photocatalysts is 

described in Figure 2.1. 

Synthesis of bulk g-C3N4 

Bulk g-C3N4 was synthesized from thiourea (CH4N2S) in different calcination 

atmospheres (air and nitrogen) following this procedure. Briefly, 6 g of the precursor was 

added into an Al-foil-covered crucible, which was placed in an oven and heated to 500°C 

at a ramping rate of 5°C/min; this was followed by calcination at 500°C for four hours in 

the air. The same procedure was repeated under N2 calcination atmospheres without Al 

foil covering. The obtained yellow agglomerates were ground into powder for further 

treatment. The bulk g-C3N4 powders prepared under the calcination atmospheres of air 

and nitrogen (N2) were named AB and NB, respectively. 

Synthesis of chemically oxidized g-C3N4 

 Chemically oxidized g-C3N4 photocatalysts were prepared from the bulk g-C3N4 

powders via chemical oxidation according to the method described in the previous study 

[17]. In brief, 10 g of K2Cr2O7 and 50 mL of H2SO4 were mixed in a 100-mL flask using 

a magnetic stirrer at 20 °C for 40 min, at which point the solution had turned brown. Then, 

0.5 g of bulk g-C3N4 powder was added to the solution, and the solution was stirred 

continuously for 1 h to achieve the chemical oxidation of g-C3N4. Next, the solution was 

slowly poured into 500 mL of DI water and left to naturally cool down to room 

temperature. Afterward, the acidic solution was washed several times with DI water using 

centrifugation and sonication to remove all the residual components. Finally, the 

undispersed g-C3N4 was separated via centrifugation from the milk-like solution, whose 

solid/liquid ratio was later adjusted to a concentration of 5 mg/mL. The chemically 

oxidized g-C3N4 photocatalysts were labeled AO and NO, corresponding to the bulk g-

C3N4 synthesized in air and N2 calcination atmospheres, respectively. 
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Synthesis of Pt-loaded g-C3N4 

In 90 mL of DI water, 50 mg of g-C3N4 was dispersed via 30 min of magnetic 

stirring. Then, 10 mL of Pt-precursor H2PtCl6 solution was added, with the initial Pt 

content calculated as 3 wt.%. After 10 min of purging with pure argon (Ar) flow, the 

photodeposition of Pt as a co-catalyst on g-C3N4 was undertaken in this system via 60 min 

of solar-simulated irradiation. Finally, the precipitates were washed with DI water several 

times and freeze-dried for collection and further characterization. The obtained catalysts 

were labeled Pt/AB, Pt/NB, Pt/AO, and Pt/NO, corresponding to their g-C3N4 parents, 

respectively. 

 

Figure 2.1. Photocatalysts synthesis schematic 

2.1.2 Different Pt loading methods on g-C3N4 support 

In the following section, chemically oxidized g-C3N4 synthesized in the air (AO) 

was used as support to investigate three different Pt loading methods on g-C3N4: 

chemical reduction, hydrogen reduction, and photoreduction. The Pt contents were 

calculated and kept at 3 wt% in all experiments. 

 Chemical reduction method: 

 Chemically oxidized g-C3N4 (AO) with a content of 0.5 mg/mL was dispersed 

with H2PtCl6 in DI water, and the solution temperature was slowly increased to 40 °C. 

Then, hydrazine (N2H2) solution with the mole ratio of N2H2 : Pt = 1.1 : 1 was added to 

the mixture, and the reduction was carried on by stirring in 1 h. Finally, the precipitate 

was washed with DI water several times and freeze-dried for collection and further 

characterization. The obtained catalyst was labeled Pt/CCN. 

 Hydrogen reduction method: 

 Chemically oxidized g-C3N4 (AO) with a content of 0.5 mg/mL was dispersed 

with H2PtCl6 in DI water by stirring in a 200-mL 3 necks flask, and the solution 

temperature was slowly increased to 60 °C. Simultaneously, H2 flow was purged into the 
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solution with the flow rate of 25 mL/min, and the reduction was carried on in 50 min. 

Finally, the precipitate was washed with DI water several times and freeze-dried for 

collection and further characterization. The obtained catalyst was labeled Pt/HCN. 

 Photoreduction method: 

 In 90 mL of DI water, 50 mg of AO was dispersed via 30 min of magnetic stirring. 

Then, 10 mL of Pt-precursor H2PtCl6 solution was added, with the initial Pt content 

calculated as 3 wt.%. After 10 min of purging with pure argon (Ar) flow, the 

photodeposition of Pt on AO was undertaken in this system via 60 min of solar-simulated 

irradiation. Finally, the precipitates were washed with DI water several times and freeze-

dried for collection and further characterization. The obtained catalysts were labeled 

Pt/PCN. 

2.2 Characterization 

The content of Pt elements in the as-prepared samples was analyzed by an 

inductively coupled plasma-optical emission spectrometer (ICP-OES; 700-ES Varian, 

Mulgrave, Australia). The specific surface area and other porosity properties of the 

samples were measured via N2 adsorption isotherm processes using a QUADRASORBTM 

SI Surface Area and Pore Size Analyzer (Quantachrome Instrument, Boynton Beach, FL, 

U.S.A.). The morphologies of all photocatalyst samples were analyzed by field-emission 

scanning electron microscopy (FE-SEM; JSM-6500 JEOL, Tokyo, Japan). The 

microstructure and the distribution of Pt nanoparticles were examined by high-resolution 

transmission electron microscopy (HR-TEM; JEL-2100F JEOL, Tokyo, Japan). X-ray 

diffraction (XRD; Rigaku D/MAZX 2500 V/PC high-power diffractometer, Tokyo, 

Japan) with a Cu Kα X-ray source operating at a wavelength of λ = 1.5415 Å was used to 

determine the crystalline structures of the obtained samples in the range of 10°–90° at a 

scan rate of 2° (2θ)/min. Functional groups of the prepared photocatalysts were 

characterized with a Fourier transform infrared (FT-IR; Nicolet 380 spectrometer, 

Thermo Scientific Nicolet iS5 with an iD1 transmission accessory, Waltham, MA, 

U.S.A.). Elemental compositions, chemical states, and electronic states of the elements 

were examined by X-ray photoelectron spectroscopy (XPS; Thermo Scientific K-Alpha 

system, Waltham, MA, USA). Zeta potential analysis was carried out using a zeta 

potential analyzer (Zetasizer Nano ZS, Malvern Panalytical, Malvern, United Kingdom). 
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 The optical properties of the photocatalysts were analyzed by ultraviolet–visible 

diffuse reflectance (UV–Vis; SPECORD 210 Plus spectroscope, Analytik Jena, 

Germany) and photoluminescence measurements (PL; Agilent Cary Eclipse fluorescence 

spectrophotometer, Santa Clara, CA, U.S.A.) at room temperature with a 473-nm diode 

laser. Electrochemical impedance spectroscopy measurements were conducted with the 

use of an impedance analyzer (EIS; VSP BioLogic Science Instruments, Seyssinet–

Pariset, France) over a frequency range from 100 kHz to 0.01 Hz, at an amplitude of 10 

mV, and a direct current potential of +0.8 VSCE after a 10-min delay. The samples were 

prepared by dispersing 20 mg of photocatalyst and 2 g of activated carbon into a mixture 

of 100 μL of isopropanol 99.7% (Sigma-Aldrich Korea, Gyeonggi, South Korea) and 30 

μL of Nafion 5 wt% (Sigma-Aldrich Korea, Gyeonggi, South Korea). Then, 10 ml of a 1 

M sodium hydroxide (NaOH) solution was used as the electrolyte for the three-electrode 

system. A 6-mm standard-type glassy carbon electrode onto which 10 μL of the sample 

was dropped was used as the working electrode. A RE-1BP (Ag/AgCl) electrode was 

used as the reference electrode, and a platinum wire was used as the counter electrode. 

The electrodes and SVC-3 voltammetry cell were obtained from ALS Co., Ltd. (Tokyo, 

Japan. For further confirmation of the photo-excited charge separation efficiency, time-

resolved fluorescence spectra were collected under 400-nm laser excitation by a FS5 

spectrofluorometer (Edinburgh Instruments Ltd, Livingston, UK) using emission decay 

profiles and fitted by triexponential functions. Qualitative analysis of C, H, O, and N 

elements was conducted by Elemental Analyzer (EA; Flash 2000 Thermal Fisher 

Scientific, Seoul, Korea). 

2.3 Computational methods 

All plane-wave calculations based on density functional theory (DFT) were done 

with the VASP code [28, 29], using a GGA−PBE functional [30]. The force and energy 

convergence thresholds were 0.01 eV/Å and 1 × 10-4 eV, respectively. The cut-off energy 

used in all calculations was 400 eV. The Monkhorst-Pack [31] k-points of (2,2,6) were 

employed for pristine and chemically oxidized g-C3N4. The supercell used in this study 

for pristine g-C3N4 consists of 96 C atoms and 128 N atoms. Van der Waals interactions 

were corrected through the DFT−D3 approach [32-35]. Using Bader charge analysis [36, 

37], distributions of net atomic charges were revealed for both systems. 
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2.4 Photocatalytic hydrogen evolution 

2.4.1 Hydrogen evolution of bulk and chemically oxidized Pt/g-C3N4 

The photocatalytic H2 production experiments were conducted in a quartz flask 

(inner volume, 300 mL; diameter, 70 mm; and height, 80 mm) surrounded by a water 

jacket to keep the system working at room temperature. A high-purity flow of Ar was 

blown through the system during the process to completely remove other impurity gases. 

A 300-W mercury lamp without any filter was used as the light source for solar 

simulation. The focused intensity on the solution was 43 mW cm−2. Specifically, 50 mg 

of the g-C3N4 was dispersed in 80 mL of DI water via magnetic stirring for 30 min. 

Afterward, 10 mL of H2PtCl6 solution was added, with the initial Pt content calculated as 

3wt.%. After 10 min of purging by Ar, in situ photodeposition of Pt as a co-catalyst was 

performed in the system under solar-simulated irradiation for 60 min. Finally, 10 mL of 

TEOA solution was added to the system as a sacrificial reagent, and the system was again 

evacuated with high-purity Ar gas before the hydrogen production was begun under full-

range irradiation. The H2 production content was measured using an online gas 

chromatograph with a thermal conductivity detector. 

 The cycling experiments were carried out under the same conditions using 3-h 

cycles. At the beginning of every cycle, 10 mL of TEOA was added to the solution, and 

the system was purged with pure Ar for 10 min. 

2.4.2 Hydrogen evolution of Pt/g-C3N4 with different Pt loading methods 

The photocatalytic H2 production experiments were conducted similarly to section 

2.5.1, except that a LED lamp (400 - 1,100 nm) was used as the light source for solar 

simulation. The focused intensity on the solution was 1 Sun (100 mW cm−2). Specifically, 

50 mg of the g-C3N4 was dispersed in 90 mL of DI water via magnetic stirring for 30 min. 

After 20 min of purging by Ar, 10 mL of TEOA solution was added to the system as a 

sacrificial reagent, and the system was again evacuated with high-purity Ar gas before 

the hydrogen production was begun under full-range irradiation. The H2 production 

content was measured using an online gas chromatograph with a thermal conductivity 

detector. 
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 The cycling experiments were carried out under the same conditions using 6-h 

cycles. At the beginning of every cycle, 10 mL of TEOA was added to the solution, and 

the system was purged with pure Ar for 20 min.  
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Chapter 3: Results and discussion 

3.1 Chemically oxidized Pt/g-C3N4 

3.1.1 Photocatalytic performance evaluation 

Photocatalytic H2 production based on the water splitting process of as-prepared g-

C3N4 and Pt/g-C3N4 photocatalysts was performed in a 100-mL solution containing 

10 vol.% TEOA as a hole sacrificial agent under a full-spectrum solar-simulated 

irradiation system. The pure bulk g-C3N4 samples prepared in air and N2 atmosphere (AB 

and NB, respectively) were found to produce up to 59 µmol H2 per gram catalyst in 1 h 

(µmol g−1 h−1). The production of chemically oxidized g-C3N4 samples (AO and NO) was 

239 µmol g−1 h−1 (see Figure 3.1A), indicating that the chemical oxidation method 

implemented according to our previous report improved the photocatalytic activity of g-

C3N4 [17]. Importantly, the results demonstrate that the loading of Pt as a noble-metal co-

catalyst remarkably enhanced the average H2 production rates of all bare g-C3N4 samples 

by nearly 13 or 16 times, undeniably confirming the role of Pt in the hydrogen evolution 

reaction. The stability of chemically oxidized samples was further investigated, and the 

results of a recycling test on Pt/AO are shown in Figure 3.1B. There was no significant 

drop in H2 production activity, revealing the superior photostability of the obtained Pt/AO 

throughout the 9 h of reaction time. 
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Figure 3.1. (A) H2 production rates of g-C3N4 in comparison with Pt/g-C3N4 

photocatalysts and (B) cyclic H2 production of Pt/AO under solar-simulated irradiation 
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Figure 3.2. Photocatalytic H2 production over time and (B) H2 production rates of bulk 

and chemically oxidized Pt/g-C3N4 photocatalysts 
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As shown in Figure 3.2A, after 3 h of irradiation, Pt/AO and Pt/NO exhibited 

outstanding H2 production amounts (10,992 and 7,415 µmol g−1, respectively) when 

compared with Pt/AB (2,186 µmol g−1) and Pt/NB (1,287 µmol g−1). Additionally, the 

calculated average H2 production rates in Figure 3.2B show that the chemical oxidation 

was able to improve the H2 production mass activity of Pt/AB by 5 times (from 728.8 to 

3,640.8 µmol g−1 h−1 for Pt/AO) and that of Pt/NB by 5.8 times (from 429.3 to 

2471.7 µmol g−1 h−1 for Pt/NO). 

Table 3.1 compares the H2 production rates and relative improvement factors of 

different Pt/g-C3N4 photocatalysts prepared by the photodeposition method in recently 

published studies. With regard to modifying the g-C3N4 support properties [38-42] and 

the properties of the loaded Pt [19, 20], the chemical oxidation method presented in this 

paper using a mixture of H2SO4/K2Cr2O7 is not only simple to conduct but also leads to 

relatively high photocatalytic H2 production activity and a middling enhancement factor. 

This indicates that the developed strategy is a simple and effective method for redesigning 

bulk g-C3N4 prior to loading Pt to create an efficient catalyst for photocatalytic H2 

evolution reaction. 
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Table 3.1. H2 production activity of Pt/AO in comparison with photodeposited Pt/g-

C3N4 photocatalysts introduced in 2017–2019 

Catalysts Treatment methods 
H2 production 

(µmol g−1 h−1) 

Enhancement 

factor 
References 

Pt/g-C3N4 Oxidation with HNO3 of g-

C3N4 

870 16.7 [38] 

Pt/g-C3N4 Solvothermal treatment of g-

C3N4 

1316.3 20 [39] 

Pt/g-C3N4 Thermal oxidation with 

oxygen of g-C3N4 

1430.1 4.3 [40] 

Pt/g-C3N4 Thermal oxidation with the 

aid of isopropanol 

1501 3 [41] 

Pt/g-C3N4 Chemical oxidation with 

H2SO4/K2Cr2O7 of g-C3N4 

3640.8 5 This work 

Pt/g-C3N4 Two-step calcination (in 

argon and air) of g-C3N4 

5261 8.1 [42] 

Pt/g-C3N4 Photodeposition of single Pt 

atom 

79 - [20] 

Pt/g-C3N4 Photodeposition of single Pt 

atom at sub-zero temperature 

3020 4.3 [19] 
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3.1.2 Morphological, physicochemical, and electrical properties 

The Pt-loaded bulk (Pt/AB and Pt/NB) and chemically oxidized (Pt/AO and Pt/NO) 

g-C3N4 were prepared following the procedure shown in Figure 3.3. Based on ICP-OES 

measurements, the Pt contents in Pt/AB, Pt/NB, Pt/AO, and Pt/NO were found to be 

2.72%, 2.96%, 2.68%, and 2.51%, respectively (Table 3.2), representing quite similar 

amounts. The textural properties of the prepared catalysts, such as the specific surface 

area (SBET) and pore volume, are presented in Table 3.3. The chemically oxidized Pt/g-

C3N4 samples exhibited higher SBET and higher average pore size compared with the bulk 

Pt/g-C3N4 samples despite showing no significant change in total pore volume. The 

corresponding N2 adsorption–desorption isotherms of the Pt/g-C3N4 materials are shown 

in Figure 3.4. According to Brunauer–Deming–Deming–Teller classification, all of the 

samples exhibited type-IV isotherms with an H3 hysteresis loop, implying that the 

prepared materials were mesoporous solids possessing nanosheet structures [19, 20]. The 

density of Pt particles covering the g-C3N4 surface was calculated based on the Pt content 

and the measured SBET, as shown in Table 3.2. These values were higher for Pt/AB 

(0.74 mg m−2) and Pt/NB (2.04 mg m−2) than for Pt/AO (0.65 mg m−2) and Pt/NO 

(1.06 mg m−2), indicating that there was an aggregation of Pt sites on the chemically 

oxidized g-C3N4, which is consistent with the HR-TEM results obtained in this work. 



 

18 

 

Figure 3.3. Overall photodeposition process of Pt on bulk and chemically oxidized g-

C3N4. 
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Table 3.2. Physicochemical and optical properties of Pt/g-C3N4 photocatalysts 

Sample 
Pt content 

(wt.%) a 

Covering density 

(mg m-2) b 

Pt average size 

(nm) c  

d (002) 

(nm) d 

Bandgap 

(eV) e 

Pt/AB 2.72 0.74 1.28 0.79 2.58 

Pt/NB 2.96 2.04 1.95 0.36 2.71 

Pt/AO 2.68 0.65 3.2 0.27 2.80 

Pt/NO 2.51 1.06 10.6 0.24 3.02 

a Platinum contents were defined using ICP-OES. 

b Covering density (mg m−2) = Pt content (wt.%)/100 × 1 g/SBET 

(m2 g−1) × 1000 mg g−1. 

c Estimated average platinum particle sizes were obtained from TEM images. 

d Interplanar crystal spacing was estimated using the Scherrer equation. 

e Estimated band gaps were obtained from UV–Vis spectra. 

 

Table 3.3. Textural properties of the prepared catalysts 

Sample SBET (m2/g) a V (cm3/g) a L (nm) a 

Pt/AB 36.603 0.254 27.8 

Pt/NB 14.481 0.215 24.2 

Pt/AO 41.455 0.250 59.2 

Pt/NO 23.610 0.241 42.2 

a Specific surface area (SBET), pore volume (V), and average pore size (L) were 

determined via N2 adsorption–desorption isotherm measurements. 
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Figure 3.4. Nitrogen adsorption–desorption isotherms of Pt/g-C3N4 photocatalysts 
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The surface morphologies of the Pt/AB, Pt/NB, Pt/AO, and Pt/NO samples were 

characterized using SEM and TEM, and the results are shown in Figures 3.5 and 3.7, 

respectively. The SEM image and the corresponding EDS element mappings of Pt/NB 

(the sample with the highest Pt coverage density in this work) illustrate the high 

dispersion of Pt along with C and N over the sample's surface (Figure 3.6). 

Simultaneously, the HR-TEM images (Figure 3.7) clearly demonstrate that the average 

size of Pt particles or clusters deposited on the chemically oxidized g-C3N4 materials was 

larger than that deposited on the bulk g-C3N4. Nevertheless, the remarkable increase in 

H2 production of Pt/AO and Pt/NO over Pt/AB and Pt/NB indicates that, within a range 

of several nanometers, the Pt particle size is not a decisive factor in the photocatalytic 

activity, which is consistent with previous reports [27, 43]. Besides, in the high-

magnification images in Figure 2, lattice fringes characteristic of Pt0 (0.23 nm) and PtO 

(0.27 nm) can be observed in all four samples [44]. These phenomena will be expounded 

later. 

 

 

Figure 3.5. FE-SEM images of Pt/g-C3N4 photocatalysts 
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Figure 3.6. SEM image of Pt/NB and corresponding EDS element mappings of C, N, 

and Pt 
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Figure 3.7. HR-TEM images and Pt particle size distribution of (A) Pt/AB, (B) Pt/NB, 

(C) Pt/AO, and (D) Pt/NO 
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Figure 3.8A displays the XRD spectra of the bulk (Pt/AB and Pt/NB) and 

chemically oxidized (Pt/AO and Pt/NO) samples. In all the samples, there were two main 

characteristic peaks at 2θ = 12.5° and 27.2°, corresponding to the (100) and (002) planes 

of pure g-C3N4, respectively. The former can be ascribed to the in-plane packing of a tri-

s-triazine structure, whereas the latter corresponds to interlayer graphitic structure 

stacking [18, 45, 46]. Compared with those of the Pt/bulk g-C3N4, the (100) diffraction 

peaks at 12.5° of the Pt/chemically oxidized g-C3N4 were less intense. This was likely 

due to Pt clusters filling the in-plane cavities of g-C3N4 [20] and the partial loss of lattice 

nitrogen [47]. In addition, no Pt diffraction peak was observed, indicating that the Pt 

nanoparticles were almost homogeneously dispersed throughout the g-C3N4 support [20]. 

Notably, the gradual shift to a higher 2θ of the (002) diffraction peaks of Pt/AO and Pt/NO 

compared with those of their bulk counterparts corresponds to a decrease in the 

interplanar stacking distance. This was calculated using the Scherrer equation, as shown 

in Table 3.2, and it implies a strengthened interaction among the g-C3N4 layers. This 

interconnection strength can be ascribed to the substitution of more electronegative O 

atoms for N atoms in the framework, which will be described later. 

 Figure 3.8B shows the FT-IR spectra of the bulk and chemically oxidized Pt/g-

C3N4 samples, which were used to characterize their structures. All the FT-IR spectra 

clearly exhibited similar peaks that can be attributed to the typical chemical bonds of pure 

g-C3N4. The strong peak at 810 cm−1 can be assigned to the breathing mode of triazine 

units [42, 48], whereas the absorption bands in the region of 1,200–1,700 cm−1 can be 

ascribed to the typical stretching modes of aromatic C─N and C═N in tri-s-triazine rings 

[42, 49]. The broad peaks in the range of 3,000–3,600 cm−1 corresponding to the N─H 

stretching vibrations or structural O─H groups of the Pt/AO and Pt/NO samples 

underwent a blue shift and a notable increase in band intensity in comparison with those 

of Pt/AB and Pt/NB, indicating that additional ─OH functional groups were generated 

over the g-C3N4 surface after the chemical oxidation treatment [50-52]. This is later 

confirmed using the XPS data. 
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Figure 3.8. (A) XRD patterns and (B) FT-IR spectra of Pt/g-C3N4 photocatalysts 
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the XPS data, the appearance of O-containing functional groups via the chemical 

oxidation process was further supported by an EA of O, the results of which are presented 

in Table 3.4. The proportions of O atoms in Pt/AO and Pt/NO (1.85 wt% and 2.52 wt%, 

respectively) were considerably higher than those in the Pt-loaded bulk samples (0.46 

wt% in Pt/AB and 1.02 wt% in Pt/NB). 

 

 

Figure 3.9. XPS survey spectra of Pt/g-C3N4 photocatalysts 
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Figure 3.10. XPS spectra of C 1s, O 1s, N 1s, and Pt 4f for Pt/g-C3N4 photocatalysts 
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Table 3.4. O, H, and N contents, N-containing bond percentages, and ratios of Pt phases 

Sample wt% atom a N atomic percentages (at%) b Pt2+/Pt0 c 

 O H N 
C─N═C 

(N2C) 
C─NHx 

N─C3 

(N3C) 
 

Pt/AB 0.46 1.71 59.11 90 3.8 5.3 1.03 

Pt/NB 1.02 1.96 55.56 93 4.2 2.8 1.16 

Pt/AO 1.85 2.87 51.78 66.8 2.9 30.3 10.8 

Pt/NO 2.52 3.23 49.39 45.3 3.1 51.6 11.4 

a Oxygen, hydrogen, and nitrogen weight contents were defined using EA. 

b Different N species percentages were calculated from the N 1s XPS data. 

c Pt2+/Pt0 ratios were calculated from the deconvolution of the Pt 4f XPS data. 

 

The N 1s spectra (Figure 3.10) reveal that there were three types of N2 species in 

all four Pt/g-C3N4 samples. It is common knowledge that in the structure of g-C3N4, the 

N atoms in the aromatic rings are coordinated with two C atoms, whereas the trigonal N 

atoms that link triazine or tri-s-triazine units are coordinated with three C atoms. These 

three-coordinated N atoms (N3C) with higher thermodynamic stability are more difficult 

to remove from the g-C3N4 structure than the two-coordinated N atoms (N2C; Figure 3.11) 

[19, 63]. The major peak observed at 398.1 eV can be attributed to the presence of the 

sp2-hybridized N atom (N2C) in C─N═C, and the peak related to the tertiary nitrogen 

N─C3 (N3C atom) is located at 399.7 eV [17, 18, 20, 42, 46, 57]. The small peak detected 

around 400.7 eV can be assigned to amino functional groups (C─NHx) originating from 

the defective condensation of heptazine structures [40, 64]. Compared with Pt/AB and 

Pt/NB, the peaks assigned to C─N═C, N─C3, and C─NHx of Pt/AO and Pt/NO shifted 

to higher binding energies, which can be explained by the polarization phenomenon of 

electron density from the N atoms to Pt species [64, 65]. This suggests stronger metal-

support interaction between Pt and g-C3N4 in Pt/AO and Pt/NO, which benefits the charge 

carriers transfer from g-C3N4 to Pt. Table 3.4 presents the relative amounts of different 

nitrogen species, calculated in units of atomic percentage (at%) on the basis of the area 

ratios between the respective peaks and the total area of N 1s peaks. As shown in Table 

3.4, the percentages of N2C atoms in Pt/AO (66.8at%) and Pt/NO (45.3at%) were much 
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lower than those in Pt/AB (90at%) and Pt/NB (93at%). At the same time, the figures for 

N3C atoms were significantly higher (30.3at% and 51.6at% compared with 5.3at% and 

2.8at%, respectively). These results indicate that throughout the chemical oxidation 

process, dicoordinated N2C atoms with lower stability were detached from the g-C3N4 

structure. Then, ─COOH and ─OH functional groups were generated, as evidenced by 

the increase in O and H atomic content and the relative decrease in the N atomic content 

(measured by EA) in the chemically oxidized g-C3N4 samples compared with their bulk 

counterparts (see Table 3.4). Further, the relative amounts of C─NHx species in Pt/AO 

and Pt/NO were lower than those in Pt/AB and Pt/NB, indicating that the increase in the 

3,000–3,600 cm−1 FT-IR band intensity (see Figure 3.8) was due to the formation of 

hydroxyl groups and not amine groups. 

 

 

Figure 3.11. Different N species in g-C3N4 structure 

 

 Here, because more valence electrons were present in O atoms than in N atoms, 

the replacement of N sites by O atoms in the C─N structure would introduce extra 

electrons, which then delocalized into π-conjugated triazine rings [40]. The zeta potential 

distribution curves of the bulk and chemically oxidized g-C3N4 shown in Figure 3.12 

reveal that the chemical oxidated g-C3N4 samples were more negatively charged than the 

bulk samples. To further investigate the change in charge structure of pristine g-C3N4 

after the chemical oxidation, distributions of net atomic charges were calculated by the 

DFT. DFT-relaxed structures of pristine and chemically oxidized g-C3N4 systems and the 
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charge distribution of these two systems are shown in Figure 3.13 and Table 3.5, 

respectively. The Bader charge analysis [36, 37] demonstrated that the sum of atomic 

charges of sites 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, and 16 in the oxidized system 

(a heptazine unit after introducing O-containing functional groups) was lower than that 

of sites 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13 (a heptazine unit before introducing O-

containing functional groups) in the pristine system, supporting experimental findings. 

Notably, O-containing groups such as ─COOH and C═O are also known as electron-

withdrawing sites, which make the remaining C─N structure of chemically oxidized g-

C3N4 more positive. This can be supported by the lower sum of atomic charges of sites 4, 

9, 10, 11, 12, and 15 in the oxidized system than that of sites 4, 6, 7, 9, 10, and 12 in the 

bulk system. These positively charged locales play an important role in the formation of 

Pt2+, which will be discussed later. 

 

 

Figure 3.12. Zeta potential distribution curves of bulk and chemically oxidized g-C3N4 
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Figure 3.13. Relaxed (a) pristine and (b) chemically oxidized g-C3N4. Herein, C, N, O, 

and H are displayed using brown, light blue, red, and white balls, respectively 
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Table 3.5. Bader atomic charge (e) distribution of pristine and doped g-C3N4. Each 

number corresponds to the number in Figure 3.13 

Pristine g-C3N4 (e) Chemically oxidized g-C3N4 (e) 

1 (C) 1.518 1 (C) 1.722 

2 (N) -1.191 2 (N) -1.161 

3 (N) -1.080 3 (O) -1.114 

4 (C) 1.660 4 (C) 1.510 

5 (C) 1.522 5 (C) 1.876 

6 (N) -1.110 6 (H) 0.701 

7 (N) -1.371 7 (O) -1.154 

8 (N) -1.080 8 (O) -1.014 

9 (C) 1.455 9 (N) -1.124 

10 (C) 1.660 10 (N) -1.071 

11 (C) 1.518 11 (C) 1.471 

12 (N) -1.110 12 (C) 1.561 

13 (N) -1.207 13 (O) -1.056 

 

14 (C) 1.746 

15 (N) -1.035 

16 (N) -1.214 

 

The chemical states of the Pt species in the Pt/g-C3N4 photocatalysts were examined 

using Pt 4f XPS spectra (see Figure 3.10). In the spectra, only two pairs of doublets were 

observed for chemically oxidized samples. The doublets at 71.2 and 74.5 eV can be 

assigned to metallic Pt species, whereas those at 72.5 and 75.8 eV can be attributed to 

oxidized Pt2+ 4f7/2 and Pt2+ 4f5/2, respectively [20, 26, 66]. On the other hand, an additional 

pair of doublets at 74.9 and 78.2 eV corresponding to precursor Pt4+ was observed in the 

XPS spectra of Pt/AB and Pt/NB. The simultaneous existence of metallic Pt and oxide 

PtO is also observed in HR-TEM images (Figure 3.7). It is interesting to note that, in 
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terms of the relative contents of Pt2+ and Pt0, the chemically oxidized samples (Pt/AO and 

Pt/NO) witnessed an around ten-fold increase in Pt2+/Pt0 ratio compared with the bulk 

samples (Pt/AB and Pt/NB; see Table 3.4). Importantly, Pt2+ species (PtO in specific) not 

only demonstrate excellent efficiency in hydrogen evolution rate but also suppress the 

hydrogen oxidation reaction (H2 + ½ O2  H2O). This is the undesirable back-reaction 

of the photocatalytic water splitting reaction, in which metallic Pt0 catalyzes because of 

its vigorous adsorption capability, low activation energy, and high adsorption energy to 

desorb H2 [18, 25-27, 65]. The higher portion of Pt2+ in Pt/AO and Pt/NO compared with 

that in Pt/AB and Pt/NB is certainly one of the reasons for the witnessed enhancement in 

photocatalytic H2 production described in Figure 3.2. 

3.1.3 Optical properties 

Generally, photocatalytic performance is greatly influenced by two factors: the 

number of photons absorbed by the material and the separation efficiency of the 

photogenerated electron–hole pairs [67]. The optical properties of the prepared samples 

were evaluated using UV–vis absorption spectroscopy. The UV–vis spectra of Pt/AB, 

Pt/NB, Pt/AO, and Pt/NO are presented in Figure 3.14A, and the calculated band gap 

values are shown in Table 3.2 and Figure 3.15. For all the Pt/g-C3N4 samples, the 

absorption peaks were located around 325 nm, which is in the UV range, with their 

shoulders tailing into the visible range. Further, a slight blue shift in the absorption peaks 

could be witnessed after the chemical oxidation. This corresponds to the increase in band 

gap energy estimated on the basis of the fitting of Tauc plots (see Table 3.2), which results 

from the quantum confinement effect and the addition of ─OH functional groups [55, 68, 

69]. However, it is clear that the chemically oxidized samples were able to absorb more 

photons under the same irradiating conditions due to their higher absorbance intensity 

[70]. 

 The higher band gap values of Pt/AO and Pt/NO compared with those of Pt/AB 

and Pt/NB can also be ascribed to the blue shift in the wavelengths of their PL emission 

peaks (Figure 3.14B). More importantly, strong PL emission peaks emerged in the spectra 

of the bulk Pt/g-C3N4 samples, originating from the band-to-band recombination of the 

photoexcited electrons and holes. The fluorescence intensities of Pt/AO and Pt/NO were 

much lower than those of Pt/AB and Pt/NB, indicating that the chemical oxidation 

effectively inhibited the band-to-band recombination of the photoinduced electrons and 

holes [18, 40]. Time-resolved PL spectra were further investigated to obtain a quantitative 
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knowledge of the photogenerated charge carriers. The results are shown in Figure 3.14C, 

and the fitted parameters are displayed in Table 3.6. The average lifetime was calculated 

using the following equation: 

τave =  τ1𝐴1 + τ2𝐴2 + τ3𝐴3, 

where τ1, τ2, and τ3 are the radiative lifetimes and A1, A2, and A3 represent their relevant 

percentages, respectively. The remarkable prolongation of the calculated average PL 

lifetime values (7.74 ns for Pt/AO and 6.20 ns for Pt/NO compared with 3.48 ns for Pt/AB 

and 4.56 ns for Pt/NB) indicates that the charge separation efficiencies of the chemically 

oxidized samples were enhanced, making them advantageous for photocatalytic reactions 

despite their higher band gaps [6, 40, 67, 71]. 

 

Figure 3.14. (A) UV–vis absorption spectra, (B) steady-state PL spectra, (C) time-

resolved PL spectra, and (D) Nyquist plots of the Pt/g-C3N4 photocatalysts 
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Figure 3.15. Tauc plots of Pt/g-C3N4 photocatalysts 

 

Table 3.6. Fluorescence emission lifetime and relevant percentage data fitted using a 

three-exponential function 

 τ1 (ns) A1 τ2 (ns) A2 τ3 (ns) A3 τave (ns) 

Pt/NO 0.74 0.21 3.39 0.51 16.00 0.27 6.20 

Pt/AO 0.73 0.14 3.87 0.50 15.40 0.37 7.74 

Pt/NB 0.55 0.33 2.66 0.51 12.16 0.16 3.48 

Pt/AB 0.65 0.22 2.90 0.58 13.69 0.20 4.56 

 

EIS was conducted to further examine the charge transfer information and 

photogenerated exciton separation efficiency of the prepared photocatalysts. In general, 

a smaller radius in the resulting Nyquist plot reflects a more effective separation of the 

photoinduced electrons and holes [18, 49, 72-75]. As depicted in Figure 3.14D, the arc 

radii of Pt/AO and Pt/NO were significantly smaller than those of Pt/AB and Pt/NB, 
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indicating that the chemically oxidized Pt/g-C3N4 samples possessed higher charge 

transfer efficiency. This improvement can be attributed to: (i) the aforementioned 

introduction of O-containing functional groups (─COOH and ─OH), which have been 

shown to store negative charges and increase the space charge region thickness, thus 

leading to improvements in upward band bending and obviously enhanced charge 

separation [67, 76-78] and (ii) the presence of the larger work function of Pt2+ as an 

electron-deficient species in Pt/AO and Pt/NO, which can easily trap the photoexcited 

electrons from g-C3N4 thanks to the strong metal-support interaction through the metal-

semiconductor interface [26, 79]. Based on the aforementioned discussion, we can 

confirm that the chemical oxidation process helped to accelerate the charge separation of 

photoinduced electrons and holes while inhibiting the recombination rate of these charge 

carriers, all of which benefit the formation of oxidized Pt2+ phase, expediting the 

photocatalytic H2 production. 

3.1.4 Origin of photocatalytic activity enhancement 

On the basis of the photocatalytic activity tests, and physicochemical and optical 

property characterizations, the nature of the in situ photodeposition of Pt on g-C3N4 

supports in this study is described in Figure 3.3. Furthermore, the mechanism of the 

photocatalytic H2 evolution process occurring on the chemically oxidized Pt/g-C3N4 is 

proposed in Figure 3.15. 

 The photodeposition of Pt includes three important processes (Figure 3.3). Firstly, 

precursor PtCl6
2− undergoes hydrolysis in weakly acidic to neutral solution (measured 

solution pH in the photodeposition process was 4.98) following the reaction [80, 81]: 

PtCl6
2- + 2 H2O  Pt(OH)2Cl4

2- + 2 Cl- + 2 H+ (1) 

 The second step is the adsorption of Pt(OH)2Cl4
2- on g-C3N4 support and the final 

is photoreduction occurring on g-C3N4. Under irradiation, semiconductor g-C3N4 absorbs 

the photon energy fitted to its bandgap to generate photoexcited electron–hole pairs. 

These photoexcited electrons then act as reduction agents of the Pt(OH)2Cl4
2- anions 

approaching the g-C3N4 surface. On the chemically oxidized g-C3N4, O-containing 

groups such as ─COOH and C═O withdraw electrons, thus (i) make the remaining C─N 

structure becomes more positive and generate positively charged locales, hence 

accelerates the migration of the Pt(OH)2Cl4
2- anions onto positive sites of oxidized g-

C3N4, and (ii) decrease the number of available reduction agents for surface-adsorbed 
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Pt4+. The fast Pt-precursor migration rate and its lack of reduction electrons prevent the 

total reduction of Pt4+ [82], and as a result, a more partially oxidized Pt2+ phase is formed 

in chemically oxidized Pt/g-C3N4 than in bulk g-C3N4 (evidenced by XPS and HR-TEM 

data) following the suggested reaction [83]: 

Pt(OH)2Cl4
2- + 2 e-  PtO + H2O + 4 Cl- (2) 

 Therefore, although a similar amount of deposited Pt was measured using ICP for 

all four samples (see Table 3.2), the Pt2+/Pt0 ratios in the chemically oxidized samples 

were considerably higher. 

Photocatalytic H2 evolution reaction mechanism over the chemically oxidized Pt/g-

C3N4 photocatalysts is demonstrated in Figure 3.16. As 10 vol% TEOA was used as the 

sacrificial agent, the measured solution pH during the photoreaction was 10.68. 

Therefore, the H2 evolution reaction follows the alkaline mechanism [25, 84], which 

proceeds with the formation of adsorbed hydrogen intermediates (Hads) through the 

reduction of adsorbed water molecules on Pt2+ sites (Volmer step): 

H2O + e-  Hads + OH- (3) 

Subsequently, Hads combine to generate H2 and desorb from the surface of active 

sites PtO (Tafel step): 

Hads + Hads  H2 (4) 

or react with H2O on the same PtO atom to release H2 molecules (Heyrovsky step): 

Hads + e- + H2O  H2 + OH- (5) 

Because of its impressive charge separation efficiency, under solar-simulated 

irradiation chemically oxidized g-C3N4 can provide an abundance of photoexcited 

electrons for Pt2+ species, which are not only the fundamental active sites of the H2O 

reduction reaction but can also suppress the reversed H2 oxidation reaction [18, 25-27, 

65, 85]. Moreover, Shi’s group has recently reported that the optimal oxidation state Pt2+ 

is energetically favorable for the adsorption of electron-rich H2O and the desorption of 

Hads [84]. Meanwhile, the photoinduced holes are consumed by the sacrificial agent 

TEOA through the oxidation reaction [86]. All these merits lead to the high activity of 

chemically oxidized Pt/g-C3N4 as a photocatalyst for the photocatalytic H2 evolution 

reaction. 
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Figure 3.16. Illustration of photocatalytic H2 evolution reaction over chemically 

oxidized Pt/g-C3N4 

3.2 Different Pt-loaded g-C3N4 photocatalysts 

3.2.1 Photocatalytic performance evaluation 

Photocatalytic H2 production based on the water splitting process of as-prepared 

Pt/g-C3N4 photocatalysts was performed in a 100-mL solution containing 10 vol.% 

TEOA as a hole sacrificial agent under a visible-IR irradiation system. 

 As shown in Figure 3.17A, after the first 6 h of irradiation, Pt/HCN exhibited 

outstanding H2 production amounts (6,916.5 µmol g−1) when compared with Pt/PCN 

(3,502.1 µmol g−1) and Pt/CCN (2,459.5 µmol g−1). Additionally, there was no 

significant drop in three 6-h cycles performances, demonstrating that all three chemically 

oxidized Pt/g-C3N4 photocatalysts are stable to photo-corrosion. The calculated average 

H2 production rates in Figure 3.17B show that different Pt-loading methods could vary 

the H2 production mass activity of Pt/g-C3N4 by 2.8 times (from 409.9 for chemical 

reduction method to 1,152.8 µmol g−1 h−1 for hydrogen reduction method) and 2.0 times 

(from 583.7 µmol g−1 h−1 for photodeposition method to 1,152.8 µmol g−1 h−1 for 

hydrogen reduction method). These results can be explained by the corresponding Pt2+/Pt0 

contents in Figure 3.17B, which are consistent with the phenomenon witnessed in Chapter 

3.1. 

 Furthermore, turnover frequencies (TOFs) of Pt/g-C3N4 photocatalysts, defined as 

H2 production per mole of Pt loaded per hour, were calculated following the literature 
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[64, 65, 87]. The TOF of Pt/CCN, Pt/HCN, and Pt/PCN were found to be 70.8 h-1, 187.6 

h-1, and 98.2 h-1, respectively, which are all higher than many previously reported Pt/g-

C3N4 catalyst systems [88-92]. These results suggest chemically oxidized g-C3N4 

promising support for noble co-catalyst Pt by currently various loading methods. 

 

 

 

Figure 3.17. (A) Cyclic photocatalytic H2 production over time and (B) H2 production 

rates and corresponding Pt2+/Pt0 ratios of Pt/CCN, Pt/HCN, and Pt/PCN photocatalysts 
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3.2.2 Morphological, physicochemical, and electrical properties 

Based on ICP-OES measurements, the Pt contents in Pt/CCN, Pt/HCN, and Pt/PCN 

were found to be 2.29%, 2.43%, and 2.35% respectively (Table 3.7), representing quite 

similar amounts. The textural properties of the prepared catalysts (specific surface area 

(SBET)) are also presented in Table 3.7. The chemically oxidized Pt/g-C3N4 sample 

prepared by H2 reduction exhibited higher SBET and similar average pore size compared 

with the Pt/g-C3N4 samples prepared by chemical reduction and photoreduction. The 

corresponding N2 adsorption–desorption isotherms of the Pt/g-C3N4 materials are shown 

in Figure 3.18. According to Brunauer–Deming–Deming–Teller classification, all of the 

samples exhibited type-IV isotherms with an H3 hysteresis loop, implying that the 

prepared materials were mesoporous solids possessing nanosheet structures [19, 20]. 

 

Table 3.7. Physicochemical and optical properties of Pt/g-C3N4 photocatalysts 

Sample 
Pt content 

(wt.%) a 

SBET 

(m2 g-1) b 

Pt average size 

(nm) c 

Band gap 

(eV) d 

Pt/CCN 2.29 43.56 100 2.94 

Pt/HCN 2.43 53.96 1-2 3.02 

Pt/PCN 2.35 46.94 6 2.88 

a Platinum contents were defined using ICP-OES. 

b Specific surface area (SBET) was determined via N2 adsorption–desorption isotherm 

measurements. 

c Estimated average platinum particle sizes were obtained from TEM and AFM images. 

d Estimated band gaps were obtained from UV–Vis spectra. 
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Figure 3.18. Nitrogen adsorption–desorption isotherms (inset: pore diameter 

distribution) of Pt/g-C3N4 photocatalysts 

The surface morphologies of the Pt/CCN, Pt/HCN, and Pt/PCN samples were 

characterized using SEM and FE-TEM, and the results are shown in Figures 3.19 and 

Figure 3.20, respectively. SEM images of Pt/CCN in Figure 3.19 show that Pt particles 

are observable as bright dots, indicating their large particle size. This is further confirmed 

by FE-TEM images of Pt/CCN (Figure 3.20A), where Pt clusters are seen to be 

agglomerated to a size of about 100 nm. For Pt/PCN (Figure 3.20D), Pt particles are better 

distributed, with an average size of about 6 nm. Besides, in the high-magnification images 

in Figure 3.20B and 3.20E, lattice fringes characteristic of Pt0 (0.23 nm) and PtO (0.27 

nm) can be observed in both Pt/CCN and Pt/PCN, proving the coexistence of Pt and PtO 

species in these samples [44]. No Pt particles can be observed on the surface of the 

Pt/HCN sample in Figure 3.20C. However, the existence of Pt on g-C3N4 surface in 

Pt/HCN can be witnessed as white dots in EDS mapping of Pt in Figure 3.21B and AFM 

image in Figure 3.22A, with a high distribution of Pt all over the g-C3N4 surface. Besides, 

AFM cross-sectional profile (Figure 3.22B) reveals the heights of Pt particles are in the 

range of 0.5 to 1 nm. 
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Figure 3.19. FE-SEM images of Pt/g-C3N4 photocatalysts 
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Figure 3.20. FE-TEM images of (A and B) Pt/CCN, (C) Pt/HCN, and (D and E) 

Pt/PCN. 
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Figure 3.21. (A) STEM image and (B) corresponding Pt EDS mapping of Pt/HCN 

 

   

Figure 3.22. (A) AFM image and (B) corresponding cross-sectional profile of Pt/HCN 

Figure 3.23A displays the XRD spectra of the chemically oxidized Pt/g-C3N4 

samples. In all the samples, there was a main characteristic peak at 2θ = 27.5°, 

corresponding to the (002) plane of pure g-C3N4, which can be ascribed to interlayer 

graphitic structure stacking [18, 45, 46]. This reveals that the g-C3N4 structures are 

maintained throughout any of the three reduction methods. In addition, a series of peaks 

appeared at 37.8°, 46.3°, 67.9°, and 81.4° are characteristic peaks of the cubic Pt structure 

[44]. However, no Pt diffraction peak was observed in Pt/HCN and Pt/PCN, indicating 

that the Pt nanoparticles were almost homogeneously dispersed throughout the g-C3N4 
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support, while the poor dispersion of Pt led to larger sized Pt anchoring on Pt/CCN surface 

[20, 86]. 

 Figure 3.23B shows the FT-IR spectra of the chemically oxidized Pt/g-C3N4 

samples, which were used to characterize their structures. All the FT-IR spectra clearly 

exhibited similar peaks that can be attributed to the typical chemical bonds of pure g-

C3N4. The strong peak at 810 cm−1 can be assigned to the breathing mode of triazine units 

[42, 48], whereas the absorption bands in the region of 1,200–1,700 cm−1 can be ascribed 

to the typical stretching modes of aromatic C─N and C═N in tri-s-triazine rings [42, 49]. 

The broad peaks in the range of 3,000–3,600 cm−1 correspond to the N─H stretching 

vibrations or structural O─H groups of the Pt/g-C3N4 samples. The intensity of these 

peaks is higher in Pt/CCN due to the addition of NHNH2 groups during the hydrazinolysis 

(see Figure 3.24) [93]. 

 

  

Figure 3.23. (A) XRD patterns and (B) FT-IR spectra of Pt/g-C3N4 photocatalysts 

 

Figure 3.24. Hydrazinolysis of g-C3N4 
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XPS was used to investigate the surface composition and chemical state of the as-

prepared samples. As shown in Figure 3.25, the XPS survey spectra of all four samples 

contained sharp peaks at approximately 74, 288, 398, and 532 eV, which were assigned 

to Pt 4f, C 1s, N 1s, and O 1s signals, respectively [40, 53-55]. The XPS spectra of the 

Pt/CCN, Pt/HCN, and Pt/PCN, samples are shown in Figure 3.26. For all the samples, the 

C 1s spectrum can be fitted to four peaks. The peaks with binding energies of 284.6 and 

286.5 eV are derived from the C(sp2)−C(sp2) or C═C of the reference carbon on the 

surface and the sp3 C atoms in the carbon nitride, respectively [19, 40, 42, 56], whereas 

the peak at 287.5 eV is related to sp2 C atoms attached to N in the aromatic rings 

(N─C═N) [40, 57]. The C 1s spectrum can also be deconvoluted into a small peak at 

289.0 eV, which represents the ─COOH species generated during chemical oxidation [16, 

17]. 

The N 1s spectra (Figure 3.26) reveal that there were three types of nitrogen species 

in all four Pt/g-C3N4 samples. The major peak observed at 397.8 eV can be attributed to 

the presence of the sp2-hybridized N atom in C─N═C, and the peak related to the 

tertiary nitrogen N─C3 is located at 399.2 eV [17, 18, 20, 42, 46, 57]. The small peak 

detected around 400.1 eV can be assigned to amino functional groups (C─NHx) 

originating from the defective condensation of heptazine structures [40, 64]. 

 The existence of ─COOH functional groups in chemically oxidized g-C3N4 (CN) 

and Pt/g-C3N4 was further confirmed in the O 1s XPS spectrum by the peak at 530.8 eV 

[58, 59]. In the O 1s spectrum of the Pt/g-C3N4 samples, besides the aforementioned 

characteristic ─COOH peak at 530.4 eV, a peak assigned to carbonyl (C═O) bonding at 

531.6 eV [58, 60], and a peak at 533.1 eV attributed to ─OH species [17], there appeared 

another peak at 531.0 eV of Pt─O species. Table 3.8 presents the O/C atomic ratios and 

relative amounts of different oxygen species, calculated in units of atomic percentage 

(at%) based on the area ratios between the respective peaks and the total area of O 1s 

peaks. As shown in Table 3.8, after loading Pt the O/C atomic ratios of all three samples 

decrease compared with CN, implying that O atoms were exploited through the reduction 

of Pt precursor. This ratio is the lowest for Pt/CCN (0.10), which can be explained by the 

highest reduction ability of hydrazine. The component ratios of oxygen species in Pt/PCN 

are quite similar to CN, except for the appearance of Pt─O. The percentages of ─COOH 

and ─OH species in Pt/HCN (13.6 and 10 at%, respectively) were much lower than those 

before loading Pt (28.8 and 17.1 at%, respective). This can be explained by the reaction 
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of H* radicals disassociated from H2 catalyzed by platinum with surface ─OH groups on 

CN in the H2 reduction step [94]. The significant lower percentages of ─COOH and C═O 

species in Pt/CCN after loading Pt (21 and 32.5 at% comparing to 28.8 and 54.1 at%, 

respectively) can be ascribed to the reaction of carbonyl groups with hydrazine [95, 96]: 

 

The chemical states of the Pt species in the Pt/g-C3N4 photocatalysts were examined 

using Pt 4f XPS spectra (see Figure 3.26). In the spectra, three pairs of doublets were 

observed for Pt/HCN and Pt/PCN, while only two were seen for Pt/CCN. The doublets at 

71.2 and 74.5 eV can be assigned to metallic Pt species, whereas those at 72.4 and 75.8 eV 

can be attributed to oxidized Pt2+ 4f7/2 and Pt2+ 4f5/2. For Pt/HCN and Pt/PCN, those at 

76.5 and 77.9 eV can be assigned to Pt4+ 4f7/2 and Pt4+ 4f5/2, respectively [20, 26, 66]. It 

is interesting to note that, in terms of the relative contents of Pt2+, the sample prepared by 

H2 reduction (Pt/HCN) witnessed a more than eight-teen-fold and four-fold increase in 

Pt2+/Pt0 ratio compared with that prepared by chemical reduction and photoreduction, 

respectively (see Table 3.9). 

 

Figure 3.25. XPS survey spectra of Pt/g-C3N4 photocatalysts 
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Figure 3.26. XPS spectra of C 1s, N 1s, O 1s, and Pt 4f for Pt/g-C3N4 photocatalysts 

  

282 284 286 288 290

 

Binding energy (eV)

Model Gauss

Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w) 2̂)

Plot Peak1(B) Peak2(B) Peak3(B) Peak4(B)

y0 110.42032 ± 110.42032 ± 4 110.42032 ± 4. 110.42032 ± 

xc 284.5 ± 0 286.5 ± 0 287.7 ± 0 289.2 ± 0

w 1.21867 ± 0.2 1.15696 ± 0.3 1.28529 ± 0.02 0.46161 ± 0.4

A 197.15405 ± 183.60445 ± 4 2653.36076 ± 22.5508 ± 22.

Reduced C 2254.21274

R-Square ( 0.98564

Adj. R-Squ 0.98501

 

In
te

n
s

it
y

 (
a

.u
.) Model Gauss

Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w) 2̂)

Plot Peak1(D) Peak2(D) Peak3(D) Peak4(D)

y0 128.214 ± 4.38 128.214 ± 4. 128.214 ± 4.388 128.214 ± 4.

xc 284.5 ± 0 286.5 ± 0 287.7 ± 0 289.2 ± 0

w 1.36049 ± 0.08 0.90234 ± 0 1.29046 ± 0.015 0.6 ± 0

A 552.44484 ± 3 120.14863 ± 2793.82119 ± 3 50 ± 0

Reduced C 2403.70123

R-Square ( 0.98546

Adj. R-Squa 0.98515

 

 

Model Gauss

Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w) 2̂)

Plot Peak1(F) Peak2(F) Peak3(F) Peak4(F)

y0 111.063 ± 3.8 111.063 ± 3.8 111.063 ± 3.88 111.063 ± 3.

xc 284.5 ± 0 286.5 ± 0 287.7 ± 0 289.2 ± 0

w 1.04099 ± 0.2 1.1455 ± 0.25 1.36546 ± 0.02 0.73067 ± 0

A 127.60104 ± 2 187.5253 ± 3 2494.79827 ± 3 66.06253 ± 

Reduced C 1943.6541

R-Square ( 0.98509

Adj. R-Squ 0.9846

C=C

C-NHx

N=C-N

COOH

Pt/CCN

Pt/HCN

Pt/PCN

C 1s

394 396 398 400 402

 

Binding energy (eV)

Model Gauss

Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w) 2̂)

Plot Peak1(B) Peak2(B) Peak3(B)

y0 392.49274 ± 10.62 392.49274 ± 10.62 392.49274 ± 10.6

xc 398.1 ± 0 399.207 ± 0 400.8 ± 0

w 1.30191 ± 0.03622 1.93647 ± 0.22638 1.6592 ± 0

A 3824.83894 ± 238. 2611.12846 ± 423. 524.09338 ± 217.

Reduced Chi 13849.46803

R-Square (C 0.97754

Adj. R-Squar 0.9769

Pt/CCN

Pt/HCN

Pt/PCN

N 1s

 

In
te

n
s

it
y

 (
a

.u
.) Model Gauss

Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w) 2̂)

Plot Peak1(D) Peak2(D) Peak3(D)

y0 430.12271 ± 9.831 430.12271 ± 9.831 430.12271 ± 9.83

xc 398.1 ± 0 399.2 ± 0 400.8 ± 0

w 1.22233 ± 0.02975 1.83379 ± 0.18893 1.16819 ± 0.2193

A 3725.49518 ± 186. 2560.34961 ± 326. 460.70799 ± 168.

Reduced Chi 11865.83731

R-Square (C 0.98073

Adj. R-Squar 0.98007

 

 

Model Gauss

Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w) 2̂)

Plot Peak1(F) Peak2(F) Peak3(F)

y0 385.8978 ± 10.11 385.8978 ± 10.1 385.8978 ± 10.1

xc 398.1 ± 0 399.2 ± 0 400.8 ± 0

w 1.39927 ± 0.0588 2.29589 ± 0.366 1.78247 ± 0

A 3782.44796 ± 378 2456.56156 ± 70 344.83546 ± 320

Reduced Chi 12100.53267

R-Square (C 0.97737

Adj. R-Squar 0.97673

C-N=C

N-C3

C-N-H

528 530 532 534 536

 

Binding energy (eV)

Model Gauss

Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w) 2̂)

Plot Peak1(B) Peak2(B) Peak3(B)

y0 2307.42913 ± 6.182 2307.42913 ± 6.182 2307.42913 ± 6.18

xc 530.39643 ± 0 531.6 ± 0 533.1 ± 0

w 1.3 ± 0 1.5 ± 0 1.7 ± 0

A 1249.40581 ± 43.68 2343.23153 ± 49.74 738.32717 ± 49.21

Reduced Chi-S 5692.80817

R-Square (CO 0.97022

Adj. R-Square 0.96977

In
te

n
s

it
y
 (

a
.u

.)

 

Model Gauss

Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w) 2̂)

Plot Peak1(D) Peak2(D) Peak3(D) Peak4(D)

y0 583.90453 ± 2.3482 583.90453 ± 2.348 583.90453 ± 2.3482 583.90453 ± 2.348

xc 530.4 ± 0 531 ± 0 531.6 ± 0 533.1 ± 0

w 1.25157 ± 0 1.61034 ± 1.16011 1.20911 ± 0.19618 1.47128 ± 0.22073

A 123.71947 ± 168.10 95.3031 ± 354.588 191.82976 ± 179.40 178.65517 ± 26.72

Reduced Chi-S 747.70319

R-Square (CO 0.809

Adj. R-Square 0.80207

 

Model Gauss

Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w) 2̂)

Plot Peak1(F) Peak2(F) Peak3(F) Peak4(F)

y0 639.44768 ± 2.4947 639.44768 ± 2.494 639.44768 ± 2.4947 639.44768 ± 2.494

xc 530.4 ± 0 531 ± 0 531.6 ± 0 533.1 ± 0

w 1.04061 ± 0.17138 1.3648 ± 0 1.7018 ± 0 1.12359 ± 0.19213

A 133.10727 ± 21.551 107.0071 ± 0 640.77372 ± 22.908 97.54572 ± 0

Reduced Chi-S 1023.57965

R-Square (COD 0.91426

Adj. R-Square 0.91251

 

 

Model Gauss

Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w) 2̂)

Plot Peak1(H) Peak2(H) Peak3(H) Peak4(H)

y0 574.87283 ± 2.2728 574.87283 ± 2.272 574.87283 ± 2.272 574.87283 ± 2.272

xc 530.4 ± 0 531 ± 0 531.6 ± 0 533.1 ± 0

w 1.19384 ± 0 1.24785 ± 0 1.36691 ± 0 1.21797 ± 0

A 193.76405 ± 14.004 43.16001 ± 0 289.31446 ± 0 88.48617 ± 14.161

Reduced Chi-S 818.93658

R-Square (CO 0.81938

Adj. R-Square 0.81756

O=C-OH
Pt-O O=C

C-OH

CN

Pt/CCN

Pt/HCN

Pt/PCN

O 1s

68 70 72 74 76 78 80

 

Binding energy (eV)

Model Gauss

Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w) 2̂)

Plot Peak1(B) Peak2(B) Peak3(B) Peak4(B)

y0 32.21247 ± 0 32.21247 ± 0 32.21247 ± 0. 32.21247 ± 0

xc 71.2 ± 0 72.4 ± 0 74.5 ± 0 75.7 ± 0

w 1.82101 ± 0. 0.98406 ± 0. 3.38046 ± 0 1.15096 ± 0.

A 27.37257 ± 7 24.50311 ± 5 68.51655 ± 1 15.78141 ± 6

Reduced C 43.05099

R-Square ( 0.662

Adj. R-Squ 0.65139

Pt/CCN

Pt/HCN

Pt/PCN

Pt 4f

 

Model Gauss

Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w) 2̂)

Plot Peak1(D) Peak2(D) Peak3(D) Peak4(D) Peak5(D) Peak6(D)

y0 42.1042 ± 0. 42.1042 ± 0.7 42.1042 ± 0.7 42.1042 ± 0.7 42.1042 ± 0. 42.1042 ± 0.

xc 71.2 ± 0 72.4 ± 0 74.5 ± 0 75.7 ± 0 74.6 ± 0 77.9 ± 0

w 1.85559 ± 2. 1.3343 ± 0.12 2.13241 ± 14. 2.12533 ± 0.2 1.90471 ± 5. 1.79558 ± 0.

A 11 ± 0 155.47331 ± 3 28.14606 ± 10 135.99901 ± 6 40 ± 0 55.0786 ± 11

Reduced C 74.81348

R-Square ( 0.91251

Adj. R-Squ 0.90854

In
te

n
s

it
y

 (
a

.u
.)

 

 

Model Gauss

Equation y=y0 + (A/(w*sqrt(pi/2)))*exp(-2*((x-xc)/w) 2̂)

Plot Peak1(F) Peak2(F) Peak3(F) Peak4(F) Peak5(F) Peak6(F)

y0 36.27897 ± 0 36.27897 ± 0 36.27897 ± 0. 36.27897 ± 0. 36.27897 ± 0 36.27897 ± 0.

xc 71.2 ± 0 72.4 ± 0 74.5 ± 0 75.7 ± 0 74.6 ± 0 77.9 ± 0

w 0.91 ± 0 1.25318 ± 0. 1.5795 ± 0.32 2.41017 ± 0 2.85246 ± 5. 1.78533 ± 0.1

A 11.91993 ± 6 71.75032 ± 2 79.74266 ± 4 91.31778 ± 2 26.35435 ± 0 81.04941 ± 1

Reduced C 69.89546

R-Square ( 0.87514

Adj. R-Squ 0.87006

Pt0 Pt2+
Pt4+



 

49 

Table 3.8. O 1s XPS analysis results 

Samples 

 

Atomic ratio % atoms 

O/C ─COOH Pt─O O═C C─OH 

Pt/PCN 0.13 31.5 7.0 47.1 14.4 

Pt/HCN 0.13 13.6 10.9 65.5 10.0 

Pt/CCN 0.10 21.0 16.1 32.5 30.3 

CN 0.17 28.8 - 54.1 17.1 

a Different O species percentages were calculated from the O 1s XPS data. 

 

Table 3.9. Pt species and corresponding H2 production rates of Pt/g-C3N4 photocatalysts 

Sample 
Pt-loading 

method 

Pt0 

(at%) a 

Pt2+ 

(at%) a 

Pt4+ 

(at%) a 
Pt2+/Pt0 

H2 

(µmol g-1 

h-1) 

Pt/CCN 
Chemical 

reduction 
70.4 29.6 0 0.4 409.9 

Pt/HCN H2 reduction 9.2 68.5 22.3 7.4 1,152.8 

Pt/PCN Photoreduction 25.3 45.0 29.6 1.8 583.7 

a Different Pt species percentages were calculated from the deconvolution of the Pt 4f 

XPS data. 

3.2.3 Optical properties 

Generally, photocatalytic performance is greatly influenced by two factors: the 

number of photons absorbed by the material and the separation efficiency of the 

photogenerated electron–hole pairs [67]. The optical properties of the prepared samples 

were evaluated using UV–vis absorption spectroscopy. The UV–vis spectra of Pt/CCN, 

Pt/HCN, and Pt/PCN are presented in Figure 3.27A, and the calculated band gap values 

are shown in Table 3.7 and Figure 3.27B. For all the Pt/g-C3N4 samples, the absorption 

peaks were located around 335 nm, which is in the UV range, with their shoulders tailing 

into the visible range. 
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Photoluminescence spectra in Figure 3.27C shows quite similar PL intensities and 

peak positions at about 420 nm of the three samples, which is in the visible range. Time-

resolved PL spectra were further investigated to obtain a quantitative knowledge of the 

photogenerated charge carriers. The results and the fitted parameters are shown in Figure 

3.27D. The average lifetime was calculated using the following equation: 

τave =  τ1𝐴1 +  τ2𝐴2 + τ3𝐴3, 

where τ1, τ2, and τ3 are the radiative lifetimes and A1, A2, and A3 represent their relevant 

percentages, respectively. The higher calculated average PL lifetime values (3.81 ns for 

Pt/HCN and 3.78 ns for Pt/PCN compared with 2.94 ns for Pt/CCN) indicates that the 

charge separation efficiencies of the Pt/HCN sample and Pt/PCN are higher than that of 

Pt/CCN. 

 EIS was conducted to further examine the charge transfer information and 

photogenerated exciton separation efficiency of the prepared photocatalysts. In general, 

a smaller radius in the resulting Nyquist plot reflects a more effective separation of the 

photoinduced electrons and holes [18, 49, 72-75]. As depicted in Figure 3.27E, the arc 

radii of three samples follow the order: Pt/HCN < Pt/PCN < Pt/CCN, indicating that the 

Pt/g-C3N4 sample prepared by H2 reduction possessed the highest charge transfer 

efficiency, while the sample prepared by chemical reduction exhibited the poorest charge 

migration. This result is consistent with the above PL and time-resolve PL data. 
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Figure 3.27. (A) UV–vis absorption spectra, (B) Tauc plots, (C) steady-state PL spectra, 

(D) time-resolved PL spectra, and (E) Nyquist plots of the Pt/g-C3N4 photocatalysts 
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Chapter 4: Conclusions 

In this work, a simple chemical oxidation method of bulk g-C3N4 and the different 

decoration methods of Pt as a co-catalyst were employed to develop a novel Pt/g-C3N4 

photocatalyst for the photocatalytic H2 production reaction. The chemically oxidized g-

C3N4 samples with O-containing functional groups were found to have a surface with 

several positively charged locales, thus promoting the generation of Pt2+ species instead 

of metallic Pt0 in the photodeposition process and improving the charge separation 

efficiency of the Pt/g-C3N4 photocatalysts. These distinct features of the chemically 

oxidized Pt/g-C3N4 ensured an excellent photocatalytic water splitting performance under 

solar-simulated irradiation, with the H2 production rate reaching 3,640.8 µmol g−1 h−1. 

Among three different typical decorating methods of Pt on chemically oxidized g-C3N4 

support, the hydrogen reduction method brings the highest Pt2+/Pt0 ratio. These distinct 

features of the chemically oxidized Pt/g-C3N4 prepared by the hydrogen reduction method 

ensured excellent photocatalytic water splitting performance under solar-simulated 

irradiation. 
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