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Abstract 

Low emission, environmental protection, and renewable energy are three 

major themes of the 21st century. Photocatalytic hydrogen evolution (PC-

HER), exploiting solar energy to obtain hydrogen from water, fully 

contributes to these subjects. As a result, many efforts have been devoted 

to this area. One of the most significant developments is the application 

of graphitic carbon nitride (g-C3N4) in PC-HER owing to the easy 

preparation, proper bandgap, nontoxicity, and physicochemical stability 

of g-C3N4. In this PhD study, the PC-HER and influences of solar-heat on 

PC-HER were investigated with different nanomaterials as photocatalysts. 

Meanwhile, novel g-C3N4 based nanomaterials, including NiO quantum 

dots decorated g-C3N4, single-atom Ag modified g-C3N4, and K doped g-

C3N4/g-C3N4 nanosheets van der Waals type II junctions, were developed 

and applied in PC-HER processes. Various characterization techniques 

combined with density functional theory calculations were utilized to 

explore the structures and properties of these composites. The loading 

amounts, substance ratios, and reaction temperatures were optimized to 

maximize PC-HER efficiency. The electrochemical tests and photo-

luminescence experiments were taken to probe the inner mechanisms of 

the enhanced PC-HER performance of these materials. Our research not 

only helps broaden the sources of photocatalysts for PC-HER but also 

assists to better understand the PC-HER process from varying aspects. 
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Chapter 1 Introduction 

1.1 Background 

For the sustainable development of human society, tremendous issues 

facing us should be resolved. Currently, energy crisis[1–4] and 

environmental pollutions[5–8] together threaten human’s long-term 

wellbeings. Therefore, strategies must be taken to overcome those 

problems. As it is known, the entire earth belongs to the solar system. In 

essence, the Sun provides us with all kinds of energy, because all other 

forms of energies are transformed from solar energy.[9,10] From this point 

of view, how to effectively and cleanly utilize solar power is one of the 

most significant challenges for human progress. Traditionally, natural 

photosynthesis combines CO2 and H2O towards organics under solar 

irradiation.[11,12] Ancient forests, after complex natural processes, 

became coal, petroleum, and natural gas, which have been exploited as 

energy sources presently.[13,14] However, these fossil fuels take millions 

of years to form, making them be labelled unrenewable energy resources. 

 

After Fujishima and Honda found the phenomenon of photocatalytic water 

splitting with a titania photoelectrode in 1972,[15] a brand new way to 

develop solar energy was opened and has shown great prospects. In this 

process, as shown in Figure 1.1, the photoelectrode is an n-type TiO2 
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semiconductor while a platinum plate as the counter electrode. When UV 

light (< 415 nm) illuminates the photoelectrode, electrons jump from the 

valence band (VB) towards the conduction band (CB). Then, the so-called 

photo-excited electrons transfer to the Pt counter electrode via an external 

circuit and react with water to produce hydrogen on the surface of the Pt 

plate. On the other hand, water near the TiO2 photoelectrode is oxidized 

to be oxygen by the photo-excited holes. 

 

Figure 1.1 Schematic illustration of photocatalytic water splitting with 

TiO2 photoelectrode via Honda-Fujishima effect.[16] 

 

In this process, hydrogen as one of the cleanest fuels is generated by 

photocatalysis, one of the most environmentally friendly methods, which 

is prominent to effectively resolve the issues of the energy crisis and 

environmental pollution. 
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Ever since then, massive efforts were devoted to the field of photocatalytic 

hydrogen evolution reaction (PC-HER) via water splitting and abundant 

semiconductors were applied in this area. Among them, Wang et al. for the 

first time reported a polymeric semiconductor, graphitic carbon nitride (g-

C3N4), as a visible-light-driven photocatalyst for PC-HER in 2009.[17] 

Thereafter, g-C3N4 became a superstar in photocatalysis because of its 

easy fabrication, nontoxicity, proper band structure, and physicochemical 

stability. 

 

Figure 1.2 a, Illustrative structure of g-C3N4 with melem as units; b, XRD 

patterns of g-C3N4; c, UV-vis diffuse reflectance spectral of g-C3N4.[17] 

 

As displayed in Figure 1.2a, the perfect g-C3N4 sheet is constructed with 

tri-s-triazine (melem) as units. At 27.4 degree on XRD patterns (Figure 

1.2b), the sharp peak originates from the (002) crystal plane for 0.336 nm 

interlayer spacing of g-C3N4, and the UV-vis spectrum in Figure 1.2c 

shows that the absorption edge is about 540 nm and the bandgap can be 

calculated as 2.7 eV. For the enhancement of photocatalytic water splitting 
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for g-C3N4, the following aspects should be highly considered: 1) 

cocatalysts[18–21] are almost indispensable for hydrogen evolution to 

inhibit the recombination of photo-excited charge pairs; 2) heteroatom 

doping[22–24] can improve the photocatalytic performance via increasing 

light absorption range, tunning band structure and advancing electrical 

conductivity; 3) heterojunctions between g-C3N4 and other 

photocatalysts[25–27] can also help the improvement in light absorption, 

electrical conductivity and inhibition of photo-excited electron-hole pairs; 

and 4) reduced thickness[28–30] via thermolysis or other exfoliation 

methods mainly enlarges surface area, providing more active sites for 

photocatalysis. 

 

What is more, infrared light accounts for 43% of the solar spectrum. It 

cannot excite most semiconductors to generate photoelectrons but can 

raise the reaction-solution temperature.[31,32] It is of vital industrial 

significance to have insights into the solar-heat influences on PC-HER 

processes. 

1.2 Research objectives 

The main intention is to fabricate novel g-C3N4 based materials, for 

example, heteroatom doped g-C3N4 and g-C3N4 based heterojunctions, 

and utilize them in photocatalytic and solar-heat-assisted photocatalytic 

hydrogen evolution. Specific objectives are listed below. 
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1. Synthesizing NiO quantum dots decorated g-C3N4, single-atom Ag 

modified g-C3N4, and g-C3N4 self-based Van der Waals junctions; 

2. Investigating the morphology, structure, and properties in light 

absorption, electrical conductivity and photoluminescence of the as-

prepared materials. 

3. Employing those materials for photocatalytic and solar-heat-assisted 

photocatalytic water splitting, and testing their hydrogen evolution 

performance and the temperature effect on their performance. 

4. Using density functional theory (DFT) calculations to explore the 

mechanisms of the photocatalytic or solar-heat-assisted photocatalytic 

behaviour of the novel materials and exemplifying their advantages 

compared with other existing materials. 

1.3 Thesis organization 

This thesis is composed of seven chapters, including introduction, 

literature review, results and discussions (four chapters), conclusions and 

prospectives for future studies. 

 

Chapter 1 – Introduction – displays the background of photocatalytic 

hydrogen evolution via water splitting. Objectives and thesis structure are 

also included in this chapter. 
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Charter 2 – Literature Review – comprehensively summarizes the 

research advances of photocatalytic hydrogen evolution on g-C3N4 based 

materials, from the perspectives of basic principles, main influence factors, 

material fabrication methods and relevant characterizations. 

 

Charter 3 – Solar-Heat-Temperature Effect on Photocatalytic Hydrogen 

Evolution via Water Splitting. The solar-heat-assisted temperature effect 

in PC-HER was thoroughly discussed from different aspects, such as 

photoabsorption, electrical impedance and thermal agglomeration. 

 

Charter 4 – Synergy of NiO Quantum Dots and Temperature on 

Enhanced Photocatalytic and Thermophoto Hydrogen Evolution. The 

chemical structure changes and the origins of enhanced photocatalytic and 

thermophoto performance are discussed. 

 

Charter 5 – Solar-Heat-Assisted Single-Atom Catalysis for 

Photocatalytic Hydrogen Evolution. The structure of single-atom Ag 

modified g-C3N4 is demonstrated theoretically and experimentally. A new 

mechanism is proposed for its PC-HER application, and the special 

advantages of the single-atom system in solar-heat-assisted photocatalysis 

is emphasized. 

 

Charter 6 – g-C3N4 Self-based Van der Waals Type II Junctions for 

Photocatalytic Hydrogen Evolution. The structure of g-C3N4 self-based 
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Van der Waals type II junction is demonstrated theoretically and 

experimentally, and a new mechanism is proposed. 

 

Chapter 7 – Conclusion and Perspectives – gives a summary of the results 

and provides prospectives for the future development of photocatalytic 

water splitting.  
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Chapter 2 Literature Review 

2.1 Introduction 

Fujishima and Honda, for the first time, reported the phenomenon of 

photocatalytic (PC) water splitting in 1972, which created a sensation all 

over the world.[1] After that, massive efforts were devoted to the area of 

PC-based hydrogen evolution reaction (HER) because of its great 

significance to human society in the following directions.[2–4] First, 

hydrogen is one of the cleanest renewable energy resources, and the 

energy crisis can be eased to a large extent if industrial PC water splitting 

can be realized. What is more, no pollution is associated with both the 

generation and the application of hydrogen as an energy source, and water 

is the only product from hydrogen combustion. 

 

In this process, photocatalysts, including homogeneous and 

heterogeneous components, play the core role in providing electrons and 

holes for redox reactions under light illuminations.[5–9] Heterogeneous 

catalysts, mainly as semiconductors, with the edge of reusability, attract 

much more attention in the past several decades.[10–13] Graphitic carbon 

nitride (g-CN) owns merits in cheapness, robustness, nontoxicity, non-

metal nature and appropriate band structure, distinguishing itself from 

other semiconductors. It has aroused widespread interests after the first 
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study in photocatalytic water splitting in 2009.[14] To enhance the activity 

of g-CN, researchers developed diverse routes mainly by widening photo 

absorption range, tuning band structure, decreasing electric impedance, 

inhibiting the recombination of photo-motivated charges, enlarging 

surface areas, and advancing water absorption.[15–20] Those strategies 

contain nanostructure changing, cocatalyst, heterojunctions, and their 

combinations.[21–25] 

 

Herein, the fundaments and impact factors of PC-HER are reviewed, and 

all kinds of g-CN relevant materials are summarized in synthesis, 

properties, and mechanisms. 

2.2 Basic concepts 

Photocatalyst: A material that can be excited by photons with higher 

energy than the bandgap to produce electron and hole charges, which can 

participate in redox reactions. 

 

Bandgap: The distance between the valence band maximum and the 

conduction band bottom of a photocatalyst. 

 

Valence band: The energy band occupied by valence electrons. 
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Conduction band: The energy space formed by free electrons. That is the 

energy range of free-moving electrons in a solid structure. 

 

SHE: The abbreviation of “Standard Hydrogen Electrode”. A platinum 

electrode composed of an ideal solution with a hydrogen ion activity of 1 

mol/L (pH = 0) (current zero-potential standard). 

 

NHE: The abbreviation of “Normal Hydrogen Electrode”. The electrode 

composed of a platinum electrode in 1 M strong acid solution (pH = 0) 

(historical standard, now abandoned). 

 

RHE: Reversible Hydrogen Electrode (RHE) used in electrochemistry to 

indicate that the electrode potential is the standard "zero potential". The 

term comes from an article in JPCC.[26] In electrochemical papers, the 

reference electrode of the RHE calibration system is frequently used as a 

common unit for comparison. 

 

E(RHE) = E(SCE) + 0.0591pH + 0.24                       Eq. 2.1 

E(RHE) = E(SHE) + 0.0591pH                            Eq. 2.2 

E(SHE) = E(Ag/AgCl) + 0.197                            Eq. 2.3 

 

Cocatalyst: A material combined with the main photocatalyst, which can 
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transfer photo-encouraged electrons or holes into reactants, such as a 

proton or a water molecule. Cocatalyst can help inhibit the recombination 

of photo-stimulated electric charges. 

 

Sacrificial agent: As half-reaction of water splitting, hydrogen evolution 

reaction (HER) only requires photoelectrons while photo-holes are 

applied for oxygen evolution reaction (OER). As a result, the holes in HER 

and electrons in OER should be deleted. Otherwise, they will recombine 

with the useful charges. Then, sacrificial agents are necessary to consume 

those charges. 

 

AQY: The abbreviation of “Apparent Quantum Efficiency”.  

 

AQY (%) = 
2 × 100 × number of generated H molecules

number of incident photons
                Eq. 2.4 

 

Gibbs free energy of the intermediate state (ΔGH*): For photocatalytic 

HER, H+ firstly combines with an active site to form H*, and after 

acquiring a photoelectron, the obtained H atom is desorbed. The Gibbs 

free energy of the intermediate state H* is the so-called ΔGH* and the 

optimized value should be zero, at which the absorption of H+ and 

desorption of H atom could reach the best balance. 
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Figure 2.1 The scheme of PC-HER. 

2.3 Fundamentals of PC-HER 

In the half-reaction of photocatalytic hydrogen evolution via water 

splitting (Figure 2.1), the photocatalyst, i.e. a semiconductor, absorbs 

photons with energy higher than its bandgap, and some electrons of the 

semiconductor can then be stimulated from the valence band (VB) 

towards the conduction band (CB).[27–30] Herein, the CB value of the 

semiconductor must be less than zero vs standard hydrogen electrode 

(SHE) at pH 0 so that the semiconductor has enough potential to reduce a 

proton. The photo-motivated electrons are then transferred from CB 

towards the cocatalyst, which can efficiently restrain the recombination of 

photoelectron-hole pairs. The protons (H+) in water are firstly attached on 

the surface of the cocatalyst and then reduced to a hydrogen atom by 

photoelectrons obtained by the cocatalyst. The left holes of the 
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semiconductor are usually consumed by sacrificial agents, which have a 

strong reducing capacity.[31–34] This process can also dramatically 

enhance PC-HER efficiency. That is the procedure of photocatalytic 

hydrogen evolution. 

2.4 Fundamentals of g-C3N4 

The fundamentals, including the structure, preparation, and 

physicochemical characters of g-C3N4, are summarized in this part. 

2.4.1 Structure and morphology 

g-C3N4, in the form of light-yellow powders, has a planar two-dimensional 

layered structure similar to graphene, with interlayer spacing about 0.326 

nm. There are two types of basic units, triazine ring (C3N3, left) and 3-s-

triazine ring (C6N7, right). Density functional theory (DFT) calculations 

by Kroke et al. proved that the g-C3N4 with the 3-s-triazine ring is more 

stable than that connected by the triazine ring.[35] The basic structural 

units then extend indefinitely to form a network structure, and the two-

dimensional nanosheets are combined by van der Waals forces. Film-like 

morphologies with wrinkles can be found on the SEM and TEM images. 

HRTEM image displays a lattice distance about 0.33 nm, corresponding 

to the (002) peak at about 27.5° in XRD pattern, denoting the interlayer 

piling of the conjugated double bonds for graphitic materials as mentioned 
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above, while (100) peak at 13.0° is stemming from the sequencing of tri-

s-triazine units at 0.675 nm within a plane.[36–39] 

2.4.2 Physicochemical properties 

In the TGA test, g-C3N4 from urea can keep stable up to 500 °C, above 

which the decomposition begins and full decay occurs at ~ 650 °C.[40] 

The specific surface area is 47 m2/g, with pore volume about 0.31 cc/g and 

pore diameter about 26 nm. Loose density could be 0.114 g/cm3. 

 

The bandgap was reported to be ~ 2.7 eV, with CB of -1.27 V and VB of 

1.39 V vs SHE, at pH = 7,[41] while the photoluminescence (PL) peak is 

emerging at 463 nm under incident light of 330 nm.[42]  

 

XPS studies: 1) There are 2 peaks for C 1s. The one at 287.8 eV accords 

with sp2 carbon jointed to the three nitrogen atoms (C−N−C) in the g-C3N4 

grid. The other at 284.6 eV is the result of the unavoidably loaded graphitic 

carbon atoms (C-C). 2) We can find 4 peaks for N 1s. The peak at 398.8 

eV is from sp2-bonded N atoms in the graphite-like g-CN framework 

(C−N=C). The peak at 399.6 eV stands for ternary groups (N−(C)3). The 

peak at 401.0 eV originates from amino-functional groups (C-N-H). The 

peak at 404.5 eV is the result of the characteristic π-excitation (Figure 

2.2).[5,43,44] 
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Figure 2.2 The XPS results of g-C3N4.[45] 

 

NEXAFS results: Taking g-C3N4 from DCD as an example. 1) C K-edge 

has 2 π* resonances. 286.0 eV is attributed to  π*C C (C1) while 288.0 

eV is the result of π*C=N-C (C2). 2) There are 4 π* resonances for N K-edge. 

399.3 eV is the result of C–N=C in one tri-s-triazine heterocycle (N1). 

400.5 eV is due to terminal C–N–H (N2). 401.3 eV comes from the N–3C 

(N3). 402.3 eV originates from sp3 N–3C connecting the three tri-s-

triazine moieties (N4) (Figure 2.3).[37] 
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Figure 2.3 NEXAFS results of g-C3N4.[37] 

 

FT-IR spectra: 3300 to 3000 cm−1 indicates terminal C–N–H, which is 

stretching vibration. 806 cm−1 originates from the breathing mode of tri-s-

triazine units. 889 cm−1 is the result of the deformation mode of N–H. 

1700–1200 cm−1 comes from the stretching modes of CN heterocycles 

(Figure 2.4).[46] 
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Figure 2.4 FT-IR results of g-C3N4.[46] 

 

Raman spectra: 472, 712, 980, and 1226 cm−1 are the characteristic peaks 

of g-C3N4. 544, 751, and 1152 cm−1 are the results of A1′ oscillations of 

the tri-s-triazine loop. 980 cm−1 indicates the breathing mode of the 

triazine loop (Figure 2.5).[47] 

 

 

Figure 2.5 Raman results of g-C3N4.[47] 

 

EPR: There is one single Lorentzian line of g-C3N4 originating from 

unpaired electrons in carbon atoms of the aromatic loops, and its g value 

is 2.0033. Larger specific surface area and more structure defects can be 
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signified by the enhanced intensity of the EPR signal (Figure 2.6).[48] 

Whereas a weaker intensity can suggest less carbon amount, thus more 

carbon vacancies (Figure 2.7).[39] 

 

 

Figure 2.6 EPR images of g-C3N4 and g-C3N4 nanosheets.[48] 

 

 

Figure 2.7 EPR images of g-C3N4 and carbon-vacancies-g-C3N4.[39] 

 

HOMO-LUMO: DFT calculations displayed that the single layer g-C3N4 

is an indirect bandgap semiconductor, unlike bulk g-C3N4. Its bandgap 
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energy (Eg) is 1.18 eV. The HOMO (corresponding to VB) is distributed 

on N2 atoms (Figure 2.8 and 2.9a), while the LUMO (according to CB) 

mainly consists of C1 and C2 atoms and moderately occupies N1 and N2 

atoms (Figure 2.8 and 2.9b). It is worth noting that tri-coordinated bridge 

N (N3) atoms take part neither HOMO nor LUMO. As a result, the photo-

excited electron-hole pairs are restricted in each heptazine unit, and their 

recombination is quite severe, leading to weak photocatalytic 

performance.[49] 

  

Figure 2.8 The framework of g-C3N4.[49] 

 

 

Figure 2.9 HOMO (a) and LUMO (b) of g-C3N4.[49] 
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2.4.3 Preparation of g-C3N4 

The most commonly used and facile strategy to fabricate g-C3N4 is 

polymerization of N-rich materials, including urea, melamine, 

dicyandiamide, cyanamide, and thiourea, under 500-600 °C.[6,50–52] 

However, some weaknesses of this strategy, such as residual intermediates 

and low crystallinity, impede g-C3N4 photocatalytic efficiency. Thus other 

synthesis methods were developed to overcome these weak points.[53] 

2.4.3.1 Supramolecular pre-assembly method 

This method refers to pre-assembling precursors into supra-molecules via 

non-covalent connection, such as hydrogen bond, before polymerization. 

The advantage of this strategy lies in the intactness of the prepared g-C3N4. 

This is mainly because the structure of the supramolecular complex is 

much more similar to the target product of g-C3N4 than ordinary 

precursors.[53] For example, Thomas’s group firstly exploited this 

strategy and used melamine–cyanuric acid compounds as the so-called 

“supramolecular complex” to fabricate g-C3N4, which showed enhanced 

photocatalytic performance.[54] Then, Takanabe et al. used a liquid state 

reaction to acquire supramolecular complex from ethanol solution of 

melamine and 2,4,6-triaminopyrimidine,[55] which furtherly increased 

the crystallinity of g-C3N4. The PC-HER rate of the as-prepared g-C3N4 

could even achieve 8160 µmol h-1 g-1, 14-fold of that of bulk g-C3N4. 
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2.4.3.2 Microwave-assisted heating method 

This method can obtain high-crystalline g-C3N4 within only several 

minutes with the assistance of microwave.[53] Du et al. firstly developed 

this strategy, which helped boost the PC-HER rate 1.5 times higher than 

that of the material from the traditional polymerization route.[56] 

2.4.3.3 Template-assisted method 

This strategy contains both hard and soft template routes to synthesize 

mesoporous g-C3N4, which can remarkedly enlarge the specific surface 

area, expand pore volume, and thus facilitate photocatalysis.[53] Hard 

templates involve materials with high hardness, such as SiO2 

nanoparticles[57] and SBA-15.[58] Soft templates, like Pluronic P123[59] 

and gas bubbles, are more flexible and can shun impurities.[60] 

2.4.3.4 Molten salt method 

This method refers to using a kind of molten salt as the solvent in the 

fabrication procedure of g-C3N4. In this way, the obtained g-C3N4 can own 

better electrical conductivity, charge mobility, and firmness. Moreover, the 

strategy can also be regarded as one of the soft-template routes since the 

mesoporous structure can also be acquired through this approach.[53] One 

of the most often used molten salts is LiCl/KCl with a melting point (58.6 

at% LiCl: 353 °C) much lower than that of each of them (LiCl: 605 °C, 
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KCl: 770 °C).[61] 

2.4.3.5 Ionic liquid method 

This strategy involves mixing soluble ionic compounds and the precursor 

of g-C3N4 into water, which is then evaporated and calcined, to fabricate 

mesoporous or heteroatom doped g-C3N4. Herein, the ionic compound can 

also be viewed as a soft template to generate pores. Compared to molten 

salt route, this strategy does not require a high temperature in the mixing 

step.[53] 

2.5 Sacrificial agents for g-C3N4 in PC-HER 

For the half-reaction of photocatalytic hydrogen evolution, sacrificial 

agents are almost indispensable to consume the photo-generated holes. 

Then, the left photoelectrons can reduce H+ towards H2, without being 

recombined with the holes. 

 

The most-commonly-used sacrificial agents for g-C3N4 include methanol, 

lactic acid (LA), triethanolamine (TEOA), sodium sulfide (Na2S), sodium 

sulfite (Na2SO3) and the mixture of Na2S and Na2SO3. The processes for 

these scavengers are shown below.[62] 

 

Methanol (MeOH): 
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         h
+
+H2O(l) → H+ + ⦁OH                      Eq. 2.5 

         ⦁OH + CH3OH(l) → H2O + ⦁CH2OH            Eq. 2.6 

         ⦁CH2OH → H++ HCHO(l) + e-                 Eq. 2.7 

        2H++ 2e- → H2 (g)                           Eq. 2.8 

         H2O(l)+ HCHO(l) → H2 (g)+ HCOOH(l)          Eq. 2.9 

           HCOOH(l) → H2 (g)+CO2 (g)                  Eq. 2.10 

Overall reaction: 

  H2O(l)+ CH3OH(l) → 3H2 (g)+ CO2 (g)            Eq. 2.11 

 

Lactic acid (LA):    

H2O + CH3-CH(OH)-COOH 
g-C3N4, hν
→      CH3-CO-COOH + H2+ CO2  

  Eq. 2.12 

 

Triethanolamine (TEOA):  
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Eq. 2.13[63] 

 

Overall reaction (Path A):  

H2O + N(CH2CH2OH)3 
g-C3N4 hν
→       NH(CH2CH2OH)2 + OHCH2CHO + H2 Eq. 2.14 

 

Overall reaction (Path B): 

N(CH2CH2OH)3 
g-C3N4 hν
→       N(CH2CHO)(CH2CH2OH) + H2 Eq. 2.15 

 

Sodium sulfide (Na2S): 
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H2O+Na2S → S2-+2Na+                   Eq. 2.16 

H2O+S2-→OH-+HS-                       Eq. 2.17 

hν+ HS- → HS-*                          Eq. 2.18 

HS-+ HS-* →[(HS)
2
]
-*

 → S2
2-+H2             Eq. 2.19 

Overall reaction:  

 2H2O + 2S
2-

 
g-C3N4 hν
→       S2

2- + H2 + 2OH-         Eq. 2.20 

Sodium sulfite (Na2SO3): 

Illumination:          SO3
2- 

hν
→   SO3

2-*                   Eq. 2.21 

Oxidation:            2OH-+ SO3
2-* → H2O+SO4

2-+2e-     Eq. 2.22 

Reduction:            2e-+2H2O →2OH-+ H2            Eq. 2.23 

Oxidation:            2SO3
2- → 2e-+ S2O6

2-               Eq. 2.24 

Reduction:            2e- + 2H2O →2OH-+ H2           Eq. 2.25 

Overall reaction:  

   3H2O + 3SO3
2- 

g-C3N4 hν
→       SO4

2-+ 2OH-+ 2H2+ S2O6
2-     Eq. 2.26 

 

The mixture of Na2S and Na2SO3: 

HS(aq)
-

 →HS(ads)
-                     Eq. 2.27 

HS(ads)
-  

hν
→  [HS(ads)

-
]*                Eq. 2.28 

Path A:             [HS(ads)
-

]* → S(ads)
-

+ H*              Eq. 2.29 

                    [HS(ads)
-

]*+ S(ads)
-

 → [HS
2
2-]φ          Eq. 2.30 

                  [HS
2
2-]φ → S2(ads)

2- + H*               Eq. 2.31 

                    2H* → H2                         Eq. 2.32 
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Overall reaction (Path A): 

                 2H2O+2S2-
 

g-C3N4 hν
→       S2

2-+H2+2OH-      Eq. 2.33 

 

Path B:          H2O + [HS(ads)
- ]* →OH-+ H2+Sads

0         Eq. 2.34 

S(ads)
0

+ [HS(ads)
- ]

*
 →[HS2

- ]φ             Eq. 2.35 

       OH-+[HS2
- ]φ+S(ads)

0
+ SO3

2-
 →  S2O3

2-
+ ⦁OH + [HS

2
2-

]φ Eq. 2.36 

                 SO3
2-+ ⦁OH 

hν
→  H*+ SO4

2-               Eq. 2.37 

                 2H* →H2                           Eq. 2.38 

                   H2O+[HS(ads)
-

]* →OH-+H2+ S(ads)
0         Eq. 2.39 

                OH-+[HS2
- ]φ →S2

2-+H2O                                  Eq. 2.40 

Overall reaction (Path B):  

5S2-+ SO3
2-+12H2O →12H2 + S2O3

2-+ 2SO4
2-+ S2

2- + 4OH-   Eq. 2.41 

 

Specifically, even without a photocatalyst, hydrogen can be produced with 

Na2S, Na2SO3, or their mixture under UV or full-range light irradiations, 

as shown in Figure 2.10. This point advises that when conducting 

photocatalytic hydrogen evolution with these three sacrificial agents, only 

visible light is recommended as a light source. Otherwise, hydrogen from 

the sacrificial agents’ photolysis will cover up the function of 

photocatalysts. 
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Figure 2.10 Comparison of PC-HER performance over different 

sacrificial agents without any photocatalysts.[62] 

 

 

Figure 2.11 The contrast of PC-HER performance over diverse sacrificial 

agents with g-C3N4 as a photocatalyst.[62] 
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According to Figure 2.11, without any cocatalyst, most of the sacrificial 

agents do not work for g-C3N4 based PC-HER system. Only four of them 

have apparent hydrogen evolutions. Comparing those data with Figure 

2.10, we can find that with or without g-C3N4 as the photocatalyst, the PC-

HER performances of Na2S, Na2SO3 and their mixture do not show a 

significant difference, indicating that the hydrogen evolution in Figure 

2.11 should originate from the sacrificial agent’s photolysis, rather than 

the photocatalysis based on g-C3N4. Specifically, TEOA shows the best 

performance compared to the other scavengers for carbon nitride. In other 

words, the most efficient sacrificial agent for g-C3N4 is TEOA. The results 

are, in fact, from the advantage of amine groups in TEOA. In detail, the 

amine rich nature of g-C3N4 leads to its photo corrosion, which can be 

overcome by TEOA, because the more reactive amine groups of TEOA 

can help protect g-C3N4. 

2.6 Cocatalysts for g-C3N4 in PC-HER 

In the half-reaction of photocatalytic hydrogen evolution by water 

splitting, cocatalysts play the second most crucial role in PC-HER, since 

they can improve the PC-HER rate in several to even thousands times.[64–

67] The main function of cocatalysts lies on their ability to transfer 

photoelectrons from the main photocatalyst towards protons to produce 

hydrogen.[43,65,68] In this process, the recombination of photo-
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motivated electron-hole pairs of the main catalyst can be effectively 

inhibited by the electron-transferring function of cocatalysts. Meantime, 

active sites for a proton to be reduced to hydrogen atom are also provided 

by cocatalysts. Besides, cocatalysts can help lessen the photo-corrosion of 

main catalysts as well, since they can extract photoelectrons to prevent 

main catalysts from being reduced. 

 

Generally, the parameters to evaluate the quality of cocatalysts mainly 

include their work function, Gibbs free energy of the intermediate state 

(|ΔGH*|), electric conductivity, and stability.[69,70] Larger work function 

means a lower Fermi level, which makes it easier for cocatalysts to extract 

electrons from the main catalyst. Therefore, the larger the work function, 

the better the cocatalyst in PC-HER is. H* is formed in the combination 

of proton and active site. The optimized value of ΔGH* should be zero, at 

which the absorption of H+ and desorption of H atom could reach the best 

balance. The electric conductivity of cocatalysts is mainly reflected by 

their bandgap. In general, the narrower the bandgap, the higher the electric 

conductivity is. The stability of cocatalysts depends on their 

physicochemical properties. Here, the cocatalysts for carbon nitride 

primarily contain metal, metal oxide, metal sulfide, metal carbide, and 

non-metal materials. 
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2.6.1 Metal cocatalysts 

Metal cocatalysts are usually excellent conductors. Those quite active 

metals like alkali and alkaline-earth metals can be excluded. Then the 

work function and ΔGH* should be carefully considered. Figure 2.12 and 

Table 2.1 display those two parameters of some important metals. In 

Figure 2.12, the X-axis is work function while the Y-axis is ΔGH*. It can 

be seen that the ΔGH* values of Ir, Pt, Rh, Pd are close to zero. However, 

the work function of Pt is much larger than that of the other three metals. 

As a result, Pt is definitely the most suitable cocatalyst for PC-HER, which 

has been adequately demonstrated by previous researches. 
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Figure 2.12 The ΔGH*[71] versus the work function of metal cocatalysts.  
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Table 2.2 Metal cocatalysts of g-C3N4 for PC-HER. 

Cocatalyst Main 

catalyst 

Catalyst 

amount (mg) 

Optical source Sacrificial agent H2 evolution 

(μmol·h-1·g-1) 

Enhanced 

degree 

Ref. 

3 wt% Pt g-C3N4 50 (300W, >420 nm) Xe lamp 10% TEOA 365 122 [38] 

1 wt% Au g-C3N4 80 (420–760 nm) Visible light 6% TEOA 91.7 Unknown [72] 

8 wt% Ag g-C3N4 100 (300W, >420 nm) Xe lamp 20% Methanol 14.8 8.7 [73] 

2.6.2 Single-atom cocatalysts 

Single-atom catalysis has attracted massive attention after Zhang et al. 

firstly put forward the concept of “single-atom catalysis” in 2011. They 

proved that this new type of catalysts can stably exist and that single-atom 

catalysts can maximize the atomic efficiency to an extremely large extent. 
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Figure 2.13 a, HR-TEM image of 0.16 wt% Pt single-atom modified g-

C3N4. b, FT-EXAFS of Pt-CN, K2PtCl6, and Pt foil. c, The corresponding 

EXAFS r space fitting curves of Pt-CN. d, The structure of Pt-CN.[74] 

 

Li et al. firstly introduce single-atom Pt onto g-C3N4 (Figure 2.13a) to take 

on the role of cocatalyst for PC-HER in 2016.[74] Synchrotron-based 

extended X-ray absorption fine structure (EXAFS) spectroscopy (Figure 

2.13b), combined with the fitted results in the r-space provided by the 

IFEFFIT software (Figure 2.13c), confirmed the Pt-N and Pt-C bonds-

based structure (Figure 2.13d). The PC-HER experiments demonstrated 

the efficiency of single-atom Pt cocatalyst is 8.6 times that of Pt 

nanoparticle cocatalyst. The ultrafast transient absorption (TA) test helps 

support the mechanism that the near band-edge electron trap state can trap 
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photo-excited electrons so that they have a longer lifetime, and more 

opportunities to reduce H+. 

 

Cao et al. designed and fabricated single-atom Pd decorated g-C3N4 in 

2018.[75] It is deemed that part of Pd single-atoms are located between 

adjacent layers of g-C3N4, while others are trapped in the six-fold cavity 

of the g-C3N4 plane. The former is based on Pd-C and Pd-N bonds and 

plays the role of electron bridge between layers, while the latter helps g-

C3N4 to improve its ability to adsorb water molecules. The PC-HER 

performance almost doubles that of single-atom Pt decorated g-C3N4. 

 

In 2019, Zeng et al. successfully synthesized high-loading-amount single-

atom Pt modified g-C3N4 via a facile ion-exchange method.[76] The 

platinum atoms can be locked in the interlayer nano-space of g-C3N4 so 

that the single-atom Pt loading amount can reach as high as 8.7 wt%. The 

PC-HER performance can even be 22650 µmol g-1 h-1, resulting from that 

the interaction between Pt and interlayer space (Pt-N bond) helps reshape 

the charge distribution of g-C3N4, leading to more proton absorption and 

lowered energy barrier for hydrogen production. 

 

In summary, single-atom-based cocatalysts modified g-C3N4 are usually 

based on chemical bonding, and new mechanisms for enhanced PC-HER 
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performance are often proposed to be different from that of traditional 

metal nanoparticle cocatalysts. Their PC-HER performance is listed below. 

 

Table 2.3 Single-atom cocatalysts for PC-HER 

Single-atom 

cocatalyst 

Main 

catalyst 

Catalyst 

amount (mg) 

Optical source Sacrificial 

agent 

H2 evolution 

(μmol·h-1·g-1) 

Enhanced 

degree 

Ref. 

0.16 wt% Pt g-C3N4 50 (300 W) Xe lamp 10% TEOA 6360 50 [74] 

0.33 wt% Pd g-C3N4 50 Solar simulator 10% TEOA 6688 unknown [75] 

0.96 wt% Pt g-C3N4 50 Solar simulator 10% TEOA 3716 unknown [75] 

8.7 wt% Pt g-C3N4 10 (300W, >420 nm) Xe lamp 10% TEOA 22650 unknown [76] 

2.6.3 Transition metal based cocatalyst 

There are plenty of transition metal based cocatalysts that have been 

reported, including transition metal oxide, hydroxide, sulfide, carbide, 

nitride, and phosphide. 

2.6.3.1 Transition metal oxide and hydroxide cocatalysts 

Transition metal oxide and hydroxide cocatalysts for photocatalytic 

hydrogen evolution mainly include NiO, NiOH, Co3O4, and Co(OH)2. 

Some others, like Ag2O, can also be found in previous reports. 

 

Zhang et al. exploited an in-situ immersion approach to load NiO 

nanoparticles onto g-C3N4. The PC-HER rate of the obtained photocatalyst 

reached more than 6 times higher than that of pure g-C3N4.[77] The 

increased charge-transfer ability and decreased overpotential were 



40 
 

considered as the main factors for enhanced performance. Liu et al. 

utilized a wetness impregnation and thermal oxidation method to prepare 

amorphous NiO modified g-C3N4.[78] The amorphous NiO endows more 

exposed active sites, improved visible light absorption, and thus enhanced 

PC-HER performance than crystal NiO. In these two studies, NiO with a 

large bandgap was excited by photons and only transferred photoelectrons 

from g-C3N4 to H+ to enhance efficiency, as shown in Figure 2.14. 

However, some other studies suggested that NiO is responsible for photo-

excited holes transfer. Shi et al. developed NiO/g-C3N4 p-n junction and 

found that the photoinduced holes firstly entered onto NiO from g-C3N4 

via p-n junction, and then reacted with sacrificial agents (Figure 2.15).[79] 

The difference between these two theories might be due to their different 

structures originating from their different synthesis strategies. 

 

 

Figure 2.14 The proposed mechanism for PC-HER process of amorphous 

NiO modified g-C3N4.[78] 
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Figure 2.15 The proposed mechanism for PC-HER process of NiO/g-

C3N4 p-n junction.[79] 

 

Moreover, Yang et al. fabricated a series of nickel species as cocatalysts 

for g-C3N4 and found that Ni(OH)2 has better PC-HER performance due 

to its more lowered electrical impedance.[80] 

 

Co3O4 was applied as the cocatalyst of mesoporous g-C3N4 (mpg-C3N4) in 

PC-HER by Kheradmand et al.[81] The enhanced charge transfer and the 

PN junction formed between Co3O4 and g-C3N4 primarily accounted for 

the improvement of PC-HER production compared with pure mesoporous 

g-C3N4. Yang et al. embedded Co3O4 into g-C3N4 by in-situ thermo-

polymerization.[4] Both the extended light absorption and formed PN 

junction improve the PC-HER rate of the synthesized material by 5 times 

as compared to pristine g-C3N4. It is worth noting that, unlike NiO, which 
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cannot be activated by visible light owing to the wide bandgap, Co3O4, 

with a bandgap of 2.07 eV, can be stimulated by visible light. Thus, it can 

not only accept photoelectrons from the CB of g-C3N4 but also inject its 

holes towards the VB of g-C3N4. 

 

Moreover, Wu et al. utilized a facial hydrothermal method to fabricate 

Ag2O decorated g-C3N4.[3] The obtained hybrid showed excellent PC-

HER performance, over 274 times as high as that of pristine g-C3N4, even 

much better than Pt modified g-C3N4. What is more, the recycled Ag2O/g-

C3N4 still showed much higher ability than Pt/g-C3N4. The mechanism 

analysis revealed that, unlike most cocatalysts for PC-HER, which are 

responsible for transferring electrons from main catalysts to H+, the Ag2O 

cocatalyst accepts photo-encouraged holes and makes them react with 

sacrificial agents as shown in Figure 2.16. 

 

Table 2.4 lists the oxide cocatalysts of PC-HER performance in references. 

Specifically, the much higher HER rate of 5.0 wt% Co3O4 than that of 

others should be due to the application of mesoporous carbon nitride 

(MCN) as the primary catalyst. 
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Figure 2.16 The proposed mechanism for PC-HER process of Ag2O/g-

C3N4.[3] 

 

Table 2.4 Transition metal oxide and hydroxide cocatalysts for PC-HER. 

Sulfide Cocatalyst Main 

catalyst 

Catalyst 

amount (mg) 

Optical source Sacrificial 

agent 

H2 evolution 

(μmol h-1 g-1) 

Enhance

d degree 

Ref  

2 wt% NiO g-C3N4 50 (300 W, >420 nm) Xe lamp 10% TEOA 120 6 [77] 

1 wt% NiO g-C3N4 10 (300 W, >420 nm) Xe lamp 10% TEOA 29 7 25 [79] 

NiO g-C3N4 40 (300 W, >400 nm) Xe lamp 20% Methanol 82 88 unknown [80] 

9 wt% NiO g-C3N4 50 (300 W, >420 nm) Xe lamp 10% TEOA 68 8 430 [78] 

0 5 wt% Ni(OH)2 g-C3N4 40 (300 W, >400 nm) Xe lamp 20% Methanol 185 13 unknown [80] 

5 0 wt% Co3O4  mpg-C3N4 40 (300 W, >420 nm) Xe lamp 10% TEA 865 2 05 [81] 

1 wt% Co3O4 g-C3N4 50 Unknown 10% TEOA 50 100 [4] 

0 83 wt% Ag2O g-C3N4 50 (300 W, >420 nm) Xe lamp 10% TEOA 330 4 unknown [3] 

2.6.3.2 Transition metal sulfide cocatalysts 

Many transition metal sulfides have been applied as the cocatalysts of g-

C3N4 for PC-HER, including NiS, NiS2, CoS, Ag2S, MoS2, WS2, VS2, and 

PtS2. 
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Hong et al. developed noble-metal-free NiS grafted g-C3N4 via a 

hydrothermal method, which can boost the PC-HER performance by 253 

times compared to pure g-C3N4 at the optimal loading ratio of 1.1 wt% 

NiS on g-C3N4.[2] Chen et al. also obtained a high-performance g-

C3N4/NiS hybrid using a template-free ion-exchange strategy and 

proposed the reaction processes as below.[82] 

            

NiS + e− + H+ → H-NiS                Eq. 2.42 

H-NiS + e− + H+ → NiS+ H2            Eq. 2.43 

 

Lu et al. decorated g-C3N4 nanosheets with NiS to further enhance the PC-

HER rate.[83] Zhao et al. used a facile photochemical method to realize 

the precise loading NiS onto g-C3N4 nanosheets, which dramatically 

improved the PC-HER performance by more than 2500 times higher.[84] 

All those four studies on NiS/g-C3N4 suggested that the electron transfer 

from g-C3N4 towards NiS mainly led to the higher PC-HER efficiency; 

however, none of them focused on the process of H+ attachment on NiS. 

Therefore, it is worth calculating and discussing the ΔGH* of NiS in the 

future study. 

 

Yin et al. successfully prepared NiS2/g-C3N4 hybrids and demonstrated 

that the PC-HER rate of 2 wt% NiS2/g-C3N4 was four times as high as that 
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of Pt/g-C3N4, fully proving the high co-catalytic capacity of NiS2.[67] Xue 

et al. fabricated NiS2 quantum dots modified g-C3N4, and the inhibited 

electron-hole recombination and reduced water reduction barrier were 

deemed as the reasons for an enhanced PC-HER rate.[51] In addition, 

bimetallic nickel-iron sulfide was combined with g-C3N4 through a two-

step hydrothermal method by Wang et al.[85] The prolonged lifetime of 

photo-generated carriers, the economic effectiveness and the adjustability 

of morphologies are major advantages of the synthesized catalyst. 

 

CoS serving as a cocatalyst for g-C3N4 based PC-HER was reported by 

Zhu et al.[43] Through facilitating photo-excited electrons shift from 

mesoporous g-C3N4 to CoS and providing active sites for H+ reduction, 

CoS can significantly improve the PC-HER performance. An Ag2S/g-

C3N4 composite photocatalyst was synthesized by Jiang et al.[50] At the 

beginning of PC-HER process, partial Ag+ was reduced to Ag atom by the 

photo-stimulated electrons, which helped notably accelerate the PC-HER 

process, since the photo-electrons transfer from g-C3N4, through Ag2S, 

towards Ag, can efficiently help separate photoelectron-hole pairs.  

 

In recent years, with the rapid development of two-dimensional materials, 

transition metal disulfide compounds have been received colossal 

attention, especially the new emerging star after graphene, molybdenum 
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disulfide (MoS2). Computational studies proved that this material owns 

ΔGH* of 0.07 eV, quite close to zero, indicating its quite suitability as the 

cocatalyst for PC-HER.  

 

Afterwards, bunches of researches about MoS2 cocatalysts gushed. Zheng 

et al. utilized hard-templating and impregnation-sulfidation to bond 

hollow g-C3N4 (H-g-C3N4) with MoS2.[65] The enhanced PC-HER 

performance of the hybrid should be owing to the thin layered junctions 

between the two materials and the lowered overpotential resulting from 

excellent active sites provided by MoS2. 1T MoS2 was applied as a 

cocatalyst for g-C3N4 in PC-HER by Xu et al. It should be noticed that 2H 

MoS2 is a semiconductor while 1T MoS2 has metallic properties. 

Therefore, Schottky junction was formed between 1T MoS2 and 

oxygenated monolayer g-C3N4 (O-g-C3N4), which had a minimized 

Schottky barrier because of the van der Waals interactions between 2D 1T 

MoS2 and 2D O-g-C3N4.[86] The hybrid’s PC-HER rate can even surpass 

1841 μmol/g/h. Further, Liang et al. fabricated metallic 1T MoS2 quantum 

dots and loaded them onto g-C3N4.[87] On the one hand, the quantum size 

of MoS2 helped provide more exposed catalytic edge sites. On the other 

hand, the metallicity of 1T MoS2 made photoelectrons more quickly 

transfer onto the active sites on MoS2. 
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The second hottest 2D disulfide material is WS2, with ΔGH* of 0.22 eV, 

indicating its potential of being a cocatalyst in PC-HER. Hou et al. 

exploited an impregnation-sulfidation method to fabricate WS2 decorated 

mesoporous g-C3N4 (mpg-C3N4).[66] Like the mechanism of MoS2/mpg-

C3N4, the enhanced PC-HER performance of WS2/mpg-C3N4 could be 

owing to the formed layer junction between WS2 and mpg-C3N4. Then, 1T 

WS2 modified g-C3N4 for PC-HER was reported by Yi et al.[68] They 

argued that unlike 2H WS2, whose active sites are only located on its edge 

sites, 1T WS2 owns active sites on both its edge sites and basal plane, 

which remarkably increases the number of active sites for PC-HER. 

 

Other disulfide materials bedecked g-C3N4 can also be found in previous 

researches, like VS2 and PtS2. Shao et al. fabricated VS2/g-C3N4 via a one-

pot hydrothermal method. In fact, 2H VS2 has metallic properties, which 

is different from the semiconductor of 2H MoS2.[88] Thus, the excellent 

electrical conductivity can better help charge transfer from the main 

catalyst to cocatalyst. Besides, there are active sites on both basal plane 

and edge sites of VS2, and the ΔGH* of VS2 is even comparable to that of 

Pt cocatalyst. In addition, Liu et al. synthesized defect-riched ultrathin 

PtS2 nanosheets decorated g-C3N4. The formed heterojunction facilitates 

photoinduced charges separation and transfer.[64] 
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There are also some other transition metal disulfides, like 2H-NbS2 and 

2H-TaS2, which have the potential to become cocatalysts for PC-HER. 

Both the materials have a metallic property and suitable ΔGH* value. 

Perhaps, their application as cocatalysts for PC-HER will emerge in the 

near future. 

 

The PC-HER performances of transition metal sulfide cocatalysts are 

listed in below Table 2.5. 

 

Table 2.5 Transition metal sulfide cocatalysts for PC-HER. 

Sulfide Cocatalyst Main catalyst Catalyst 

amount (mg) 

Optical source Sacrificial agent H2 evolution 

(μmol h-1 g-1) 

Enhanced 

degree 

Ref  

1 1 wt% NiS mpg-C3N4 100 (300 W, >420 nm) Xe lamp 15% TEOA 482 250 [2] 

1 5 mol% NiS g-C3N4 100 (300 W, >420 nm) Xe lamp 10% TEOA 447 7 59 [82] 

1 0 wt% NiS g-C3N4 NS 50 (150 W, > 400 nm) Xe lamp 10% TEOA 84 unknown [83] 

0 76 wt% NiS g-C3N4 NS 5 (300 W, AM 1 5 G filter) Xe lamp 10% TEOA 16 400 2500 [84] 

2 wt% NiS2 g-C3N4 10 (300 W, >420 nm) Xe lamp 15% TEOA 406 unknown [67] 

25 3 wt%-NiS2 g-C3N4 5 (300 W, >420 nm) Xe lamp 10% TEOA 968 2 unknown [51] 

1 0 wt% CoS mpg-C3N4 50 (300 W, >420 nm) Xe lamp 10% TEOA 740 13 [43] 

5% Ag2S g-C3N4 50 (3 W, 420 nm) 4 UV-LEDs 25% methanol 500 100 [50] 

0 5 wt% MoS2 H-g-C3N4 20 (300 W, >420 nm) Xe lamp 10% lactic acid 1340 unknown [65] 

0 2 wt% 1T MoS2 O-g-C3N4 10 (300 W, > 400 nm) Xe lamp 10% TEOA 1841 72 unknown [86] 

15 wt% 1T MoS2 QD g-C3N4 NS 20 (300 W, AM 1 5 G filter) Xe lamp 20% TEOA 1857 37 9 [87] 

0 3 at% WS2 mpg-C3N4 50 (300 W, >420 nm) Xe lamp 10% lactic acid 240 unknown [66] 

15 wt% 1T WS2 g-C3N4 10 (300 W, > 400 nm) Xe lamp 10% TEOA 331 09 43 3 [68] 

2 8 wt% VS2 g-C3N4 50 Unknown 10% TEOA 1748 26 [88] 

1 wt% 1T PtS2 mpg-C3N4 50 (300 W, > 400 nm) Xe lamp 10% TEOA 292 unknown [64] 

2.6.3.3 Transition metal carbide and nitride cocatalysts 

A few transition metal carbides and nitrides can also play the role of 

cocatalyst for g-C3N4 in PC-HER, such as W2N, W2C, Mo2C, and Ti3C2 
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(Mxene). 

 

Shao et al. compared the PC-HER performances of W2C, WS2, and W2N 

decorated g-C3N4 and found that all the three materials have the ability as 

cocatalysts.[89] The PC-HER rate of W2N is very close to that of WS2, 

while the rate of W2C is even 4 times higher than that of those two 

materials, because W2C can significantly increase charge separation and 

transfer and surface hydrogen evolution rate.  

 

After Ran et al. firstly introduced Ti3C2 Mxene as a cocatalyst for PC-HER 

in 2017, this material has been received much attention in this area.[90] 

Li et al. loaded Ti3C2 Mxene quantum dots (QDs) onto g-C3N4 and found 

PC-HER rate of the composite was even 3 times higher than that of Pt/g-

C3N4.[91] This excellent performance could be owing to the metallic 

nature, a high surface area, and the prominent ΔGH* of Ti3C2 Mxene QDs. 

 

Table 2.6 Transition metal carbide and nitride cocatalyst for PC-HER. 

Cocatalyst Main 

catalyst 

Catalyst 

amount (mg) 

Optical source Sacrificial 

agent 

H2 evolution 

(μmol h-1 g-1) 

Enhanced 

degree 

Ref  

7 wt% W2N g-C3N4 50 AM 1 5 solar simulator 10% TEOA 500 12 5 [89] 

2 wt% W2C g-C3N4 50 AM 1 5 solar simulator 10% TEOA 1960 49 [89] 

Ti3C2 Mxene QDs g-C3N4 10 (300 W, AM 1 5 G filter) Xe lamp 15% TEOA 5111 8 26 [91] 
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2.6.3.4 Transition metal phosphide cocatalysts 

Apart from sulfide cocatalysts, there are also many phosphide cocatalysts 

owning the capacity to be cocatalysts in PC-HER. 

 

Ni2P was firstly deposited onto mpg-C3N4 for PC-HER by Indra et al. 

Time-resolved photoluminescence combined with electron paramagnetic 

resonance (EPR) demonstrated that the improved carrier transfer at the 

heterojunction between the Ni2P and mpg-C3N4 are mainly responsible for 

the enhanced PC-HER performance.[92] Wang et al. used a hydrothermal 

method to fabricate Ni2P/g-C3N4, and they believed that the formed Z-

scheme structure resulted in the upgraded PC-HER performance.[93] 

Then Zeng et al. employed a solution-phase strategy to attach zero-

dimensional (0D) Ni2P nanoparticles onto two-dimensional (2D) g-C3N4 

nanosheets and high-efficiency PC-HER performance was obtained.[94] 

Peng et al. exploited an in-situ incorporation route to synthesize the 

compound of Ni2P/g-C3N4, which achieved a very high PC-HER rate of 

2849.5 μmol g-1 h-1.[95] 

 

CoP/g-C3N4 was firstly reported by Yi et al., and they proved that the 

widened optical absorption range and the accelerated charge transfer 

should be the reasons for an excellent PC-HER performance.[96] After 

that, Zeng et al. utilized a two-step strategy of in-situ electrostatic 
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adsorption, and phosphate treatment at low temperature to prepare CoP 

quantum dots (QDs) decorated g-C3N4 fiber (CNF). The PC-HER rate of 

the synthesized material was even 34.9 times as high as that of Pt/CNF.[97] 

 

In the work of Zeng et al., 0D FeP nanodots decorated porous g-C3N4 was 

acquired via phosphate treatment of Fe3O4/g-C3N4.[8] The ΔGH* of FeP 

was calculated to be 0.17 eV, much closer to zero than that of g-C3N4 (-

0.58 eV). In the meantime, Sun et al. loaded Fe2P onto g-C3N4 and also 

proved its prominent PC-HER performance, which was even comparable 

to Pt/g-C3N4.[98] Nanosized MoP modified g-C3N4 was realized by Cheng 

et al. using phosphorization, which obtained a PC-HER rate as high as 

3868 μmol g-1 h-1 resulted from the enforced photoabsorption and lowered 

H2 evolution barrier.[7] The amorphous Ru2P quantum dots were attached 

to g-C3N4 based on an in-situ phosphorization route by Wang et al., and 

the PC-HER rate of the hybrid was more than doubling that of Pt/g-

C3N4.[99] 

 

From the literature of phosphide cocatalysts of g-C3N4 for PC-HER, 

several points are worth noting. a) Low-temperature phosphorization of 

oxide/g-C3N4 is usually exploited to fabricate the compound of 

phosphide/g-C3N4. b) 0D nanosized or quantum dots are frequently 

adopted to furtherly enhance their performance. c) The PC-HER rate of 
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some phosphide/g-C3N4, such as Fe2P, Ru2P or CoP decorated g-C3N4, is 

even comparable or much higher than that of Pt/g-C3N4, demonstrating 

the high capacity of phosphide as cocatalysts for PC-HER. The list below 

is the comparison of their PC-HER performance. 

 

Table 2.7 Transition metal phosphide cocatalyst for PC-HER. 

Phosphide 

Cocatalyst 

Main catalyst Catalyst 

amount (mg) 

Optical source Sacrificial 

agent 

H2 evolution 

(μmol h-1 g-1) 

Enhanced 

degree 

Ref  

2 wt% Ni2P mpg-C3N4 50 (300 W, >420 nm) Xe lamp 10% TEOA 644 unknown [92] 

1 wt% Ni2P g-C3N4 40 (300 W, >420 nm) Xe lamp 10% TEOA 362 4 22 [93] 

3 5 wt% Ni2P g-C3N4 NS 50 (300 W, >420 nm) Xe lamp 10% TEOA 474 7 unknown [94] 

14 9 wt% Ni2P g-C3N4 50 (300 W, >420 nm) Xe lamp 10% TEOA 2849 5 12 4 [95] 

0 25 wt% CoP g-C3N4 100 (300 W, >420 nm) Xe lamp 10% TEOA 474 4 131 [96] 

7 wt%-CoP QDs g-C3N4 fiber 20 (300 W, >420 nm) Xe lamp 15% TEOA 2420 201 7 [97] 

2 19 wt% FeP g-C3N4 60 (300 W, >420 nm) Xe lamp 10% TEOA 177 9 unknown [8] 

10 wt% Fe2P g-C3N4 2 (300 W, >420 nm) Xe lamp 10% TEOA 214 15 [98] 

5 wt% MoP g-C3N4 10 (300 W, > 400 nm) Xe lamp 10% TEOA 3868 unknown [7] 

0 1 wt% Ru2P g-C3N4 10 (300 W, >420 nm) Xe lamp 10% TEOA 2110 113 4 [99] 

2.6.4 Metal-free cocatalysts 

There are also some metal-free cocatalysts like carbon and phosphide-

based materials, including carbon dots, carbon nanotube, doped graphene 

and black phosphorous. 

 

In the study of Fang et al., carbon dots were decorated onto g-C3N4 by 

adding them to the precursor of g-C3N4, dicyandiamide. About 0.25 wt% 

carbon dots could help improve the PC-HER rate of pristine g-C3N4 at 

about 2.4 times.[9] It is recognized that carbon dots can play the role of 
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electron-sinks to prevent the recombination of electron-hole pairs, but too 

many carbon dots will become recombination centers. Multi-wall carbon 

nanotubes (MWCNT) modified g-C3N4, which can double the PC-HER 

rate of g-C3N4, was reported by Suryawanshi et al.[5] They deemed that 

the MWCNTs can not only help the process of charge transfer but also 

moderately change the morphology of g-C3N4, which is favorable to PC-

HER process. Li et al. systematically compared the PC-HER performance 

of different graphene-based cocatalysts modified g-C3N4. Those 

cocatalysts are graphene (GR), and O-, S-, N-, B-doped graphene (OGR, 

SGR, NGR, BGR).[6] The experimental results showed that the PC-HER 

order is NGR/g-C3N4 > BGR/g-C3N4 > GR/g-C3N4 > OGR/g-C3N4 > 

SGR/g-C3N4 > g-C3N4. Among them, NGR can help increase the PC-HER 

rate of g-C3N4 by more than 46 times. Besides, those cocatalysts can help 

g-C3N4 keep stable in the PC-HER process. In the report of Shinde et al., 

S, Se co-doped graphene (S-Se-GR) was applied as a cocatalyst of g-C3N4 

for PC-HER, and they proved that the synergistic effect of S and Se could 

help S-Se-GR/g-C3N4 better performed than S-GR/g-C3N4 and Se-GR/g-

C3N4.[52] 
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Figure 2.17 The proposed mechanism of black phosphorous/g-C3N4 for 

PC-HER.[100] 

    

Black phosphorous (BP) was first attached to g-C3N4 for PC-HER by Zhu 

et al.[100] The PC-HER results demonstrated that the composite exhibited 

an excellent performance under not only visible light (> 420 nm) but also 

infrared (IR) light (> 780 nm). As shown in Figure 2.17, under visible light, 

BP serves as the cocatalyst of g-C3N4, and the P−N coordinative bond 

between BP and g-C3N4 acts as the trap site of electrons. Under IR light, 

BP becomes the main catalyst and photo-excited electrons from the 

conduction band (CB) of BP can be trapped by the interfacial P−N defects, 

boosting its PC-HER performance. Then, Ran et al. synthesized 2D/2D 

Phosphorene/g-C3N4 van der Waals junction as a metal-free photocatalyst 

for PC-HER and revealed the brilliant performance of this 

heterojunction.[101] 
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Table 2.8 Metal-free cocatalyst for photocatalytic hydrogen evolution. 

Phosphide Cocatalyst Main 

catalyst 

Catalyst 

amount (mg) 

Optical source Sacrificial agent H2 evolution 

(μmol h-1 g-1) 

Enhanced 

degree 

Ref  

0 25 wt% Carbon dots g-C3N4 50 (350W, > 420 nm) Xe lamp 10% TEOA 218 2 4 [9] 

0 5 wt% MWCNT g-C3N4 100 (300 W, > 395 nm) Xe lamp 23% Methanol 42 1 9 [5] 

N doped graphene g-C3N4 1 (350 W, > 395 nm) Hg lamp 10% TEOA 1380 46 [6] 

B doped graphene g-C3N4 1 (350 W, > 395 nm) Hg lamp 10% TEOA 400 13 3 [6] 

Graphene g-C3N4 1 (350 W, > 395 nm) Hg lamp 10% TEOA 380 12 7 [6] 

O doped graphene g-C3N4 1 (350 W, > 395 nm) Hg lamp 10% TEOA 90 3 [6] 

S doped graphene g-C3N4 1 (350 W, > 395 nm) Hg lamp 10% TEOA 60 2 [6] 

S doped graphene g-C3N4 NS 100 (500 W, > 420 nm) Xe lamp 20% Lactic acid 1850 2 3 [52] 

Se doped graphene g-C3N4 NS 100 (500 W, > 420 nm) Xe lamp 20% Lactic acid 2200 2 8 [52] 

S-Se-GR g-C3N4 NS 100 (500 W, > 420 nm) Xe lamp 20% Lactic acid 2590 3 2 [52] 

25 wt% BP g-C3N4 1 5 (320 W, > 420 nm) Xe lamp 20% Methanol 427 unknown [100] 

25 wt% BP g-C3N4 1 5 (320 W, > 780 nm) Xe lamp 20% Methanol 101 unknown [100] 

1 8 wt% Phosphorene g-C3N4 NS 20 (300 W, > 400 nm) Xe lamp 18% Lactic acid 571 11 3 [101] 

2.6.5 Metal organic framework (MOF) cocatalysts 

The flexible structure endows the metal-organic framework (MOF) with 

various properties. Thus, MOF with an appropriate band structure, electric 

conductivity, surface area, and morphology can be synthesized and used 

as cocatalysts in PC-HER in theory. 

 

In practice, Devarayapalli et al. exploited a facile microwave strategy to 

fabricate ZIF 67/g-C3N4, which was then utilized as a photocatalyst in PC-

HER, to achieve a rate of 3.84 times higher than that of bare g-C3N4.[101] 
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2.7 Different nanostructures of g-C3N4 for PC-HER 

Plenty of studies focused on the application of various nanostructured g-

C3N4 in PC-HER processes, which can be classified below. 

2.7.1 Different morphologies of g-C3N4 for PC-HER 

2.7.1.1 g-C3N4 nanosheets for PC-HER 

Large specific surface area, sufficient exposed active sites, and enhanced 

light absorption, all these edges of g-C3N4 nanosheets are driving 

researchers to acquire routes to exfoliate bulk g-C3N4. The current 

developed strategies include thermal exfoliation, liquid exfoliation, 

lithium intercalation exfoliation, chemical exfoliation, ultrasonic 

exfoliation, and the mix of these ways. Specifically, thermal exfoliation 

has been widely exploited in previous reports because of its easiness and 

convenience and even became a standard for other strategies to compare. 

 

In Yang’s research,[102] five solvents were tested in the liquid exfoliation 

of g-C3N4. IPA and NMP (Figure 2.18) were proven to be adequate to gain 

stable dispersion. The obtained g-C3N4 nanosheets, with a thickness of just 

2 nm, helped distinctly advance the PC-HER activity of g-C3N4 in 9.3 

folds. Han and co-workers prepared ultrathin g-C3N4 nanoplatelets by a 

deft ball-milling strategy.[103] The lateral size of the acquired 2D 
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materials is 2 – 6 nm and the thickness is only 0.35 – 0.7 nm. The enlarged 

specific surface area combined with the negative-shift conduction band 

helped boost the PC-HER to 1365 μmol·h-1·g-1, which is 13.7 times as high 

as that of bulk g-C3N4. Ma et al. adopted an in-situ lithium intercalation 

way to synthesize ultrathin g-C3N4 nanosheets.[36] In detail, LiCl was 

added to the precursor of g-C3N4 before thermal polymerization, and the 

calcined product was ultrasonicated in water and ethanol, to make the bulk 

g-C3N4 be exfoliated to nanosheets when LiCl was dissolved. The specific 

surface area achieved 186.3 m2 g-1, and the thickness was about 2 – 3 nm, 

which promoted the PC-HER efficiency by 6.6 folds. Zhang and co-

workers developed an easy way to prepare g-C3N4 nanosheets (NS) at a 

large scale, which is to cover urea, the precursor of g-C3N4, with a block 

of melamine foam before polymerization.[104] The average thickness of 

the g-C3N4 NS from this method is about 4.5 nm, and the PC-HER rate is 

~ 6.7 times higher than that of bulk g-C3N4 counterpart. Fang et al. took a 

similar strategy of covering the precursor of g-C3N4, melamine, with a 

nickel foam before calcination, to fabricate holey g-C3N4 NS.[105] In this 

process, nickel foam can catalyze the derived NH3 from melamine to 

transform to H2, which is then oxidized to become water molecules. With 

the participation of H2O molecules, gas molecules or bubbles (CO, NO, 

H2) may be generated, which would help shun aggregation of nanosheets. 

g-C3N4 with 4 nm of the thickness and even 240 m2/g of the specific 
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surface area can be obtained by this means, and the PC-HER activity can 

be raised to 1871 μmol·h-1·g-1. 

 

In summary, g-C3N4 nanosheets can be realized by various strategies. 

Many of them can boost the PC-HER process by about one magnitude 

(Table 2.9). However, some other ways, like chemical exfoliation, are 

ineffective for PC-HER, perhaps due to their damage to the structure of g-

C3N4. 

 

 

Figure 2.18 Liquid exfoliation results of g-C3N4 with different 

solvents.[102] 

 

Table 2.9 Different exfoliation strategies of g-C3N4 for PC-HER. 

Exfoliation strategy Photocatalyst Catalyst 

amount (mg) 

Optical source Sacrificial 

agent 

H2 evolution 

(μmol h-1 g-1) 

Enhanced 

degree 

Ref  
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Thermal exfoliation 3 wt% Pt/g-C3N4 NS 50 (350W, > 420 nm) Xe lamp 10% TEOA 1300 6 5 [102] 

Liquid exfoliation 3 wt% Pt/g-C3N4 NS 50 (350W, > 420 nm) Xe lamp 10% TEOA 1860 9 3 [102] 

Ball milling 3 wt% Pt/g-C3N4 NS 50 (300 W, >420 nm) Xe lamp 10% TEOA 1365 13 7 [103] 

Lithium intercalation 0 6 wt% Pt/g-C3N4 NS 100 (300 W, > 400 nm) Xe lamp 10% TEOA 1078 6 6 [36] 

Melamine foam 3 wt% Pt/g-C3N4 NS 10 (150 W, > 420 nm) Xe lamp 10% TEOA 2040 6 7 [104] 

Nickel foam 3 wt% Pt/g-C3N4 NS 20 (300 W, >420 nm) Xe lamp 10% TEOA 1871 31 [105] 

2.7.1.2 Other g-C3N4 morphologies for PC-HER 

Except for bulk g-C3N4 and g-C3N4 nanosheets, there are also other 

morphologies with various advantages, including nanotubes, nanobelts, 

nanospheres, and quantum dots.  

 

Zhu et al. used a water-induced way to transform g-C3N4 nanosheets to 

nanotubes, and the PC-HER rate achieved 246 μmol·h-1·g-1 with the 

assistance of Ag-Cu bimetal cocatalysts.[106] Wu and co-workers 

synthesized C-O doped hierarchical porous g-C3N4 nanobelts by a 

hydrothermal route. The PC-HER activity was even 79.9 folds higher than 

that of bulk g-C3N4.[107] Hollow g-C3N4 nanospheres were fabricated 

with SiO2 as a template by Zheng et al. and the excellent PC-HER 

performance can be owing to the red-shift of the optical absorption and 

the increased charge separation inside the shell.[108] In Wang’s research, 

B doped g-C3N4 quantum dots were prepared with the participation of 

NaCl/KCl, which was then located to the surface of g-C3N4 by a 

hydrothermal method. The matched band structure of the heterojunction 

resulted in the prominent PC-HER activity. 
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The varieties of g-C3N4 morphologies endow it with more flexibility, 

which can help broaden its applications.[109] 

 

Table 2.10 Different morphologies of g-C3N4 for PC-HER. 

Photocatalyst Catalyst 

amount (mg) 

Cocatalyst Optical source Sacrificial 

agent 

H2 evolution 

(μmol h-1 g-1) 

Enhanced 

degree 

Ref  

G-C3N4 nanotubes 40 1 wt% Ag-Cu (300 W, >420 nm) Xe lamp 10% TEA 246 Unknown [106] 

C-O g-C3N4 nanobelts 5 3 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 18380 79 9 [107] 

Hollow g-C3N4 nanospheres 20 3 wt% Pt (300 W, > 455 nm) Xe lamp 10% TEOA 13750 Unknown [108] 

B-g-C3N4 QDs/g-C3N4 50 1 5 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 1401 58 QD, 11 [109] 

2.7.2 Porous g-C3N4 for PC-HER 

The dramatically improved specific surface area and exposed active sites 

of porous g-C3N4 make it one of the hot research pursuits. 

 

For the first time, Zhang et al. took urea as the precursor of g-C3N4 and 

the as-fabricated material had a porous structure, leading to the high 

specific surface area and enhanced PC-HER performance.[110] Liang and 

co-workers penetrated urea into the melamine foam, which was then 

polymerized in a muffle furnace. The obtained 3D porous g-C3N4 

monolith showed a remarkable PC-HER activity due to its sufficient 

porosity and high specific surface area.[111] In Huang’s research, the 

porous O-doped g-C3N4 was acquired via pre-treating the precursor of g-

C3N4, melamine, with H2O2. The evolved gases in the fabrication process 
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might result in the high porosity, which, combined with O-doping, helped 

enhance the PC-HER performance.[112] Porous g-C3N4 was also 

synthesized via heating the mixture of melamine and LiCl. The ionic salt 

could be a soft template for the formation of abundant pores.[36] Gu and 

co-workers exploited a hydrothermal route before polymerization to 

prepare porous g-C3N4 microspheres, with cyanuric chloride and 

melamine as the reactants. The fabricated porous structure also had 

narrower bandgap and lower impedance, facilitating the PC-HER 

process.[113] In Zhang’s study, freeze-drying technology was introduced 

to help produce pores. In detail, the aqueous mixture of NH4Cl and 

dicyandiamide was firstly freeze-dried and then heated at 550 °C. The 

obtained g-C3N4, with both pores and defects, can have an enhanced PC-

HER rate by 26 folds higher than that of bulk g-C3N4.[114] Wu et al. took 

a three-step procedure of hydrothermal heating, freeze-drying, and 

calcination, to prepare porous P-doped g-C3N4 tubes from the mixture of 

dicyandiamide and phytic acid (Figure 2.19). The PC-HER performance 

achieved 2020 μmol·h-1·g-1, 22.4 times as high as that of pure g-C3N4.[115] 

Zhou and co-workers utilized CH4N2S and NH4Cl to synthesize porous S-

doped g-C3N4. The released gases in the polymerization process helped 

form the porous structure.[116] 

 

So many reports about the fabrication of various porous g-C3N4 materials 
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with template-based and template-free routes fully demonstrate its 

significance for PC-HER enhancement (Table 2.11). 

 

 

Figure 2.19 The schematic procedure of synthesis of porous P-doped g-

C3N4 tubes.[115] 

 

Table 2.11 Different porous g-C3N4 samples for PC-HER. 

Photocatalyst Catalyst 

amount (mg) 

Cocatalyst Optical source Sacrificial 

agent 

H2 evolution 

(μmol h-1 g-1) 

Enhanced 

degree 

Ref  

Porous g-C3N4 from urea 80 Pt (300 W, with filter) Xe lamp 10% TEOA 590 3 1, 2 3 [110] 

3D Porous g-C3N4 Monolith 10 3 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 2900 2 84 [111] 

O doped porous g-C3N4 50 3 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 1204 6 1 [112] 

Porous g-C3N4 NS 100 0 6 wt% Pt (300 W, > 400 nm) Xe lamp 10% TEOA 1078 6 6 [36] 

Porous g-C3N4 microsphere 10 3 wt% Pt (300 W, >420 nm) Xe lamp 15% TEOA 1800 112 [113] 

Porous defected g-C3N4 10 3 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 2090 26 [114] 

Porous P-g-C3N4 tubes 50 3 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 2020 22 4 [115] 

Porous g-C3N4 NS 80 1 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 115 5 4 [117] 

Porous g-C3N4 NS 15 Unknown (300 W, >420 nm) Xe lamp 10% TEOA 367 5 3 [116] 

Porous defective g-C3N4 50 3 wt% Pt (300 W, > 400 nm) Xe lamp 20% TEOA 830 94 9 93 [118] 
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2.7.3 Crystalline g-C3N4 for PC-HER 

Graphitic carbon nitride derived from direct thermal polymerization 

always has structural defects like amino and cyano groups, which are 

harmful to PC-HER, since those defects may become reintegration centres 

of photo-generated electron-hole pairs. To overcome this drawback, the 

preparation of crystalline g-C3N4 provides an alternative solution. 

 

The successful fabrication of crystalline g-C3N4 mostly involves 

ionothermal method.[119–121] In a typical procedure, the precursor of g-

C3N4 like melamine is heated to 500 °C, and the resulting material was 

then grounded with a eutectic mixture of LiCl and KCl. The obtained 

powder is then polymerized at 550 °C, and the mixed salts of LiCl/KCl 

can be washed away with deionized water.[121] There are also some 

reports that only took KCl as a restriction for forming the crystalline g-

C3N4, which can avoid the complicated operation in a glove box due to the 

participation of lithium.[122] As shown in Table 2.12, more than 20 times 

enhancement on activity can be achieved with crystalline g-C3N4 

photocatalyst compared to pristine g-C3N4. 

 

Table 2.12 Crystalline g-C3N4 for PC-HER. 

Strategies Photocatalyst Catalyst 

amount (mg) 

Optical source Sacrificial 

agent 

H2 evolution 

(μmol h-1 g-1) 

Enhanced 

degree 

Ref  

KCl/LiCl 3 wt% Pt/g-C3N4 crystal 50 (> 420 nm) Visible light 10% MeOH 420 26 [121] 
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KCl 1 wt% Pt/g-C3N4 crystal 50 (300 W, >420 nm) Xe lamp 10% TEOA 1356 22 [122] 

2.7.4 Doped g-C3N4 for PC-HER 

Heteroatom doping is one of the essential tactics to enhance reaction 

activity of g-C3N4 since it can adjust the band structure, broaden the 

optical absorption range, improve the electrical conductivity, and enlarge 

the specific surface area of g-C3N4. From the previous literature listed on 

the web of science (Figure 2.20), it can be found that there are 313 articles 

relevant to doped g-C3N4, and 80 out of them are concerning to PC-HER 

processes. Those elements contain Cl, I, O, S, N, P, C, B, Na, K, Mn, Fe, 

Co, Ni, Cu, Zn, Mo, Pd, and Eu. 

 

 

Figure 2.20 The number of articles about doped g-C3N4 from the web of 

science. The red number is specifically for PC-HER. (Searched on 

01/02/2020) 
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According to these articles, strategies for the fabrication of doped g-C3N4 

can be summarized below. 1) Adding the precursor of the doping element 

to the precursor of g-C3N4 before polymerization. For example, Zhang et 

al. mixed NaOH and melamine before heating the mixture at 650 °C to 

acquire Na doped g-C3N4.[123] Sagara and co-workers added 

dicyandiamide to the aqueous solution of BH3NH3 and then polymerized 

the dry mixture in a muffle furnace to synthesize B doped g-C3N4.[124] 2) 

Using the substance containing the targeted doping element to prepare g-

C3N4. For instance, Li et al. exploited H2O2 to process g-C3N4 by a 

hydrothermal method to obtain O doped g-C3N4.[125] 

 

Most metal-atom doped g-C3N4 materials share a similar structure, which 

is the metal atom being located on the six-fold cavity of g-C3N4. Bonds 

between the metal atoms and their adjacent N atoms are normally formed 

in the doped structure. Some exceptions also exist. In one study, K+ is 

connected with amino species on the edges of g-C3N4, forming N-K 

bonds.[126] The doping atom of non-metal element doped g-C3N4 is 

usually replacing some of C or N atoms of the g-C3N4 structure. I, O, and 

S atoms are reported to replace the sp2-bonded N atoms in g-C3N4 

structure (C−N=C, N2 in Figure 2.21), while N, P, and B atoms can take 

the place of C2 atom as displayed in Figure 2.21. 
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Figure 2.21 Molecular framework of g-C3N4. 

 

By adjusting the structure of g-C3N4, doped atoms can remarkably 

improve its physicochemical properties and thus enhance its PC-HER 

performance. Table 2.13 displays the PC-HER activities of various 

heteroatom doped g-C3N4 and the escalation of PC-HER rates can be 1.5 

to 11 times as high as that of pristine g-C3N4. 

 

Table 2.13 Doped g-C3N4 for photocatalytic hydrogen evolution. 

CB, VB (V vs 

SHE, pH=0) 

bandgap (eV) 

Photocatalyst Catalyst 

amount 

(mg) 

Optical source Sacrificial 

agent 

H2 evolution 

(μmol h-1 g-1) 

Enhanced 

degree 

Ref  

Unknown 3 wt% Pt/Cl doped g-C3N4 30 (300 W, > 400 nm) Xe lamp 10% TEOA 833 1 54 [70] 

X, X, 2 82 3 wt% Pt/Br doped g-C3N4 50 (300 W, >420 nm) Xe lamp 10% TEOA 960 2 4 [127] 

-0 71, 1 66, 2 37 3 wt% Pt/I doped g-C3N4 NS 50 (300 W, >420 nm) Xe lamp 10% TEOA 890 2 3 [128] 

-0 67, 1 82, 2 49 1 2 wt% Pt/O doped g-C3N4 100 (300 W, >420 nm) Xe lamp 10% TEOA 375 2 5 [125] 

-1 06, 1 79, 2 85 6 wt% Pt/S doped g-C3N4 100 (300 W, >420 nm) Xe lamp 10% TEOA 333 8 [129] 

-0 37, 2 28, 2 65 3 wt% Pt/N doped g-C3N4 80 (300 W, > 400 nm) Xe lamp 10% TEOA 554 5 6 [130] 

-0 59, 2 12, 2 71 3 wt% Pt/P doped g-C3N4 100 (300 W, >420 nm) Xe lamp 10% TEOA 506 2 9 [131] 

-0 45, 2 01, 2 46 3 wt% Pt/C-doped g-C3N4 10 (> 420 nm) Xe lamp 10% TEOA 1889 4 7 [132] 

-0 50, 2 05, 2 55 1 wt% Pt/B doped g-C3N4 NS 50 (300 W, > 400 nm) Xe lamp 10% TEOA 1880 1 6 [133] 

Unknown 3 wt% Pt/Na doped g-C3N4 NT 20 (300 W, >420 nm) Xe lamp 10% TEOA 7150 11 [123] 

-1 15, 1 59, 2 74 3 wt% Pt/K doped g-C3N4 50 (300 W, > 400 nm) Xe lamp 10% TEOA 1337 5 6 [126] 
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X, X, 2 53 Fe doped g-C3N4 NS 100 (300 W, >420 nm) Xe lamp 10% MeOH 536 1 8 [134] 

X, X, 2 62 3 wt% Pt/Co doped g-C3N4 50 (300 W, >420 nm) Xe lamp 10% TEOA 560 3 [135] 

Unknown 3 wt% Pt/Cu doped g-C3N4 NT 50 (300 W, >420 nm) Xe lamp 10% TEOA 3020 13 [136] 

-0 35, 2 21, 2 56 3 wt% Pt/Mo doped g-C3N4 50 (300 W, >420 nm) Xe lamp 10% TEOA 2009 9 6 [137] 

Unknown Pd doped g-C3N4 100 (300 W, >420 nm) Xe lamp 10% TEOA 3162 15 3 [138] 

X, X, 2 55 Eu doped g-C3N4 50 (300 W) Xe lamp 20% TEOA 404 4 [139] 

X, X, 2 8 1 wt% Pt/K-I-mpg-C3N4 50 (300 W, >420 nm) Xe lamp 5% MeOH 1612 2 [140] 

-0 71, 2 06, 2 77 1 5 wt% Pt/Mo-Co-mpg-C3N4 100 (300 W, > 400 nm) Xe lamp 10% TEOA 694 5 8 6 [141] 

X, X, 2 72 2 wt% Pt/Na-O-g-C3N4 50 (300 W) Xe lamp 25% EtOH 2200 6 9 [142] 

X, X, 2 68 3 wt% Pt/K-S-g-C3N4 70 (300 W, >420 nm) Xe lamp 10% TEOA 1962 10 10 [69] 

2.8 g-C3N4 based heterostructure for PC-HER 

Apart from various forms of g-C3N4, heterostructures formed between g-

C3N4 and other materials are another quite significant application mode 

for PC-HER. Those heterostructures include Schottky junctions, type II 

junctions, Z-scheme junctions, PN junctions, and van der Waals junctions. 

All the cocatalysts modified g-C3N4 listed in Part 2.6 can be recognized as 

some kinds of heterojunctions. Besides, the combination of g-C3N4 with 

other photocatalysts are also heterojunctions, which are the main focus in 

this part. 

2.8.1 Schottky junction 

The junction between a semiconductor and a metal or a metallic material 

is called Schottky junction. Therefore, most Schottky junctions are 

summarized in the part of metal (Part 2.6.1) or metallic cocatalysts. In this 

type of junctions, photo-excited electrons are usually transferred from 

semiconductors to the metal or metallic cocatalyst so that the reintegration 
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of photo-generated charges can be inhibited. There is also an exception, 

which is applied to the mechanism of localized surface plasmon resonance 

(LSPR). For example, in Zhang’s research, Au nanorods were decorated 

on the surface of g-C3N4 nanotubes. The hot electrons from the LSPR 

effect of Au nanorods can be injected into the CB of g-C3N4 and then to 

participate in hydrogen evolution reactions.[143] 

2.8.2 Type II junction 

Type II junctions are formed between two semiconductors, and solar light 

can help photoinduced electrons jump from the VB to the CB of both. 

Then the photo-stimulated electrons are transferred from the CB of the 

semiconductor with the more negative value to the CB of the other 

semiconductor. Meanwhile, the left photogenerated holes from the VB of 

the semiconductor with the more positive value are delivered to the VB of 

the other semiconductor. In this process, the reintegration of photo-excited 

electron-hole pairs can be effectively eased. 

 

Except for most of those combinations of semiconductor cocatalyst/g-

C3N4 listed in Part 2.6, there are still the compositions of g-C3N4 and other 

typical semiconductor-photocatalysts, having type II junctions. 

 

Zhang et al. partly wrapped CdS nanowires with g-C3N4. The type II 
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junction between them can not only help impede the reintegration of 

photo-generated charges but also protect CdS from photo-corrosion.[144] 

Cao and co-workers synthesized a type II junction between CdS quantum 

dots and g-C3N4 nanosheets by an in-situ solvothermal growth method, 

leading to effective charge separation.[145] In Tian’s research, 

Zn0.8Cd0.2S/g-C3N4 core-shell composites were prepared via a combined 

ultrasonication and hydrothermal route. Even without a cocatalyst, this 

type II junction could help boost the PC-HER rate of g-C3N4 by 146 

folds.[146] A CeO2/g-C3N4 type II junction was also hybridized by Zou et 

al. and the (100) plane of CeO2 could assist in facilitating interfacial 

interaction and photoelectrons transfer.[147] 

 

All these connections conform to the mechanism of type II junctions 

abovementioned, whereas there is some difference for the junction of 

TiO2/g-C3N4. In Chai’s work, under visible light illumination, only the 

electrons from g-C3N4 could be motivated and then transmitted to the CB 

of TiO2, and no photoinduced charges of TiO2 because of the wide 

bandgap.[15] 

 

Table 2.14 g-C3N4 based type II junctions for PC-HER. 

Photocatalyst Catalyst 

amount (mg) 

Cocatalyst Optical source Sacrificial agent H2 evolution 

(μmol h-1 g-1) 

Enhanced 

degree 

Ref  

CdS nanowires/g-C3N4 50 0 6 wt% Pt (350 W, > 400 nm) Xe lamp Na2S/Na2SO3 4152 Unknown [144] 

CdS QDs/g-C3N4 NS 5 0 5 wt% Pt (300 W, >420 nm) Xe lamp L-ascorbic acid 4494 118 [145] 
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CdS QDs/g-C3N4 nanosphere 20 3 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 30050 5 [148] 

Zn0.8Cd0.2S/g-C3N4 20 None (300 W, >420 nm) Xe lamp Na2S/Na2SO3 2351 18 146 [146] 

Cubic CeO2/g-C3N4 50 3 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 860 1 43 [147] 

SrTiO3/g-C3N4 50 0 2 wt% Pt (500 W) solar simulator TEOA 552 1 84 [149] 

TiO2/g-C3N4 100 Pt (300 W, >420 nm) Xe lamp 10% TEOA 1780 1 62 [15] 

2.8.3 Z-scheme junction 

There are two types of Z-scheme junctions. The first one relies on the 

metal between the two semiconductors. For instance, in Zhao’s report, Z-

scheme Cd0.8Zn0.2S/Au/g-C3N4 was synthesized, and the CB of Cd0.8Zn0.2S 

was in the middle of the CB and VB of g-C3N4 (Figure 2.22).[150] The 

Au nanoparticles between Cd0.8Zn0.2S and g-C3N4 acted as the 

recombination centres of the photoelectrons from Cd0.8Zn0.2S and the 

photo-generated holes of g-C3N4 so that the remaining photoelectrons of 

g-C3N4 were able to reduce H+ to H2. In contrast, the residual photo-

excited holes of Cd0.8Zn0.2S could be consumed by sacrificial agents. 

 

The other kind of Z-scheme junction is very similar to the one described 

above. The only difference is no metal participation between two 

semiconductors and the photoelectrons from the first semiconductor with 

the CB value in the middle of the second semiconductor’s CB and VB 

values can directly fall to the VB of the second semiconductor. 
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Figure 2.22 The proposed mechanism of CdxZn1-xS/Au/g-C3N4 for PC-

HER.[150] 

 

Katsumata and co-authors prepared WO3/g-C3N4 Z-scheme junction 

through grinding and calcination, which could aid to double the PC-HER 

activity of g-C3N4.[151] In Liu’s report, the Z-scheme junction was 

formed between 0D MoS2 quantum dots and 2D g-C3N4 and boosted the 

PC-HER rate by 1.3 folds.[13] Huang and co-authors unveiled that the 

adsorption of triethanolamine on the surface of g-C3N4 would markedly 

uplift its Fermi level and thus switch type II junction of W18O49/g-C3N4 to 

be Z-scheme, significantly boosting its PC-HER performance.[12] 

Moreover, g-C3N4 based Z-scheme junctions were also realized in 

composite materials including CuInS2/g-C3N4,[152] MnIn2S4/g-

C3N4,[153] LaFeO3/g-C3N4, LaFeO3/g-C3N4,[154] N doped carbon 

dots/g-C3N4,[11] Bi4NbO8Cl/g-C3N4,[10] et al., which could enhance the 
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PC-HER efficiency by 3~8 folds (Table 2.15). 

 

Table 2.15 g-C3N4 based Z-scheme junctions for PC-HER. 

Photocatalyst Catalyst 

amount (mg) 

Cocatalyst Optical source Sacrificial agent H2 evolution 

(μmol h-1 g-1) 

Enhanced 

degree 

Ref  

WO3/g-C3N4 40 2 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 110 2 [151] 

0D (MoS2)/2D (g-C3N4) 50 2 wt% Pt (300 W) Xe lamp 25% MeOH 577 1 3 [13] 

W18O49/g-C3N4 50 3 wt% Pt (300 W, > 400 nm) Xe lamp 10% TEOA 1020 3 1 57 [12] 

CdxZn1-xS/Au/g-C3N4 50 None (300 W, >420 nm) Xe lamp Glucose 123 52 2 [150] 

CuInS2/g-C3N4 50 1 wt% Pt (300 W, >420 nm) Xe lamp Na2S/Na2SO3 1290 3 3 [152] 

MnIn2S4/g-C3N4 50 None (300 W, > 400 nm) Xe lamp Na2S/Na2SO3 200 8 8 2 [153] 

LaFeO3/g-C3N4 20 1 wt% Pt (125 W, > 420 nm) Xe lamp 10% MeOH 1152 34 5 6 [154] 

MoS2 QDs/g-C3N4/N-C dots 50 None (300 W, >420 nm) Xe lamp 10% TEOA 212 41 Unknown [11] 

Bi4NbO8Cl/g-C3N4 100 1 wt% Pt (300 W, >420 nm) Xe lamp 20% Lactic acid 287 71 6 85 [10] 

2.8.4 PN junction 

PN junction is structured in the interface of an n-type semiconductor, and 

a p-type one and the inner electric field from n to p can help photoelectrons 

transfer to n-type part and photo-excited holes to p-type material. As a 

result, the recombination of photoinduced electron-hole pairs can be 

efficaciously restrained. Meanwhile, PN junction is firstly a type II 

junction. Therefore, if the electron transfer direction of the type II junction 

coincides with the PN junction, the synergistic effect will occur and 

strongly boost the PC-HER process. If the directions are opposite, the 

functions of PN-junction and type II junction will offset each other. 

 

g-C3N4 is an n-type semiconductor, which can help create PN junction 

with a p-type semiconductor. In Liu’s research, g-C3N4 was partly reduced 
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to be p-type defected g-C3N4 by NaBH4, which was then combined with 

pristine g-C3N4 to form a PN junction.[155] The PC-HER results of the 

PN junction were 5 times higher than that of pure g-C3N4. Putri et al. 

produced PN junction with p-type B-doped graphene and n-type O-doped 

g-C3N4, also boosting the PC-HER performance by 4.1 folds.[120] 

Besides, p-type Cu3P[156] and NiO[79] were reported to combine with g-

C3N4 to form PN junction as well. Moreover, dual PN junctions of porous-

CdS/Cu2O/g-C3N4 was covered by Nekouei and co-authors.[157] As a 

narrow-bandgap material, Cu2O can produce photoelectrons very fast. On 

the one hand, the PN junction of p-type Cu2O and n-type porous Cu2O 

transferred photoelectrons from Cu2O to CdS, and on the other hand the 

PN junction of p-type Cu2O and n-type g-C3N4 transmitted photoelectrons 

from Cu2O to g-C3N4. This is the so-called “dual PN junctions”, which 

could increase the PC-HER rates of g-C3N4 by even 18.4 times. 

 

Table 2.16 g-C3N4 based PN junctions for PC-HER. 

Photocatalyst Catalyst 

amount (mg) 

Cocatalyst Optical source Sacrificial 

agent 

H2 evolution 

(μmol h-1 g-1) 

Enhanced 

degree 

Ref  

Defected g-C3N4/g-C3N4 25 3 wt% Pt (300 W, L40 filter) Xe lamp 10% TEOA 4020 5 [155] 

B-rGO/O-g-C3N4 30 3 wt% Pt (500 W, AM 1 5 filter) Xe lamp 30% TEOA 273 1 4 1 [16] 

Cu3P/g-C3N4 20 3 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 284 Unknown [156] 

NiO/g-C3N4 10 Ni2P (300 W, >420 nm) Xe lamp 10% TEOA 504 Unknown [79] 

CdS/Cu2O/g-C3N4 20 None (300 W, AM 1 5 filter) Xe lamp 20% MeOH 1840 18 4 [157] 
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2.8.5 Van der Waals junction 

Currently, with the rapid development of 2D nanomaterials, 2D/2D van 

der Waals junction has aroused rising concern in various research fields, 

which is formed by “face to face” contact of two types of 2D 

nanomaterials. The broad interface can maximize the interactions between 

the two materials so that the junction can be one of the high-efficiency 

candidates for PC-HER. Li et al. fabricated the van der Waals junction of 

2D g-C3N4 nanosheets and 2D g-C3N4 nanofibers by a copolymerization 

method with a mixture of melamine and acidized melamine as the 

precursor.[158] The intimate contact of the junction led to shorter charge-

transfer distances and spontaneous electron motions to accelerate PC-

HER performance. 

2.8.6 Summary of heterojunctions 

In summary, plenty of heterojunctions, including Schottky junctions, type 

II junctions, Z-scheme junctions, PN junctions, and van der Waals 

junctions, have been synthesized to gain PC-HER enhancement of g-C3N4 

with the edges in separating photogenerated electron-hole charges. It is 

noticeable that dual PN junctions have been obtained, which may 

encourage us to develop dual Z-scheme junction, dual Schottky junction, 

and even tertiary junctions. Besides, the combinations among those 

junctions are also a significant research area. 
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2.9 Other factors for g-C3N4 based PC-HER 

There are still other factors influencing g-C3N4 based PC-HER processes, 

like the amounts of photocatalysts and light sources used in a reaction. 

2.9.1 Quantity of photocatalysts 

Compared with previous reports, it can be found that the amounts of 

photocatalysts added in a PC-HER process is also an essential factor in 

the PC-HER efficiency. As shown in Table 2.17, with increasing amounts 

of g-C3N4, H2 evolution (μmol·h-1) grows first and then goes down. The 

optimal quantity is 50 mg, while the PC-HER rate per gram photocatalysts 

(μmol·h-1·g-1) diminishes. These results indicate that there is an optimum 

value of photocatalyst quantity for a particular PC-HER experiment and 

that the best amount of photocatalysts should still be optimized with 

considering economic effectiveness, especially with platinum as the 

cocatalyst. 

 

Table 2.17 Different amounts of g-C3N4 for PC-HER. 

Photocatalyst Catalyst 

amount (mg) 

Cocatalyst Optical source Sacrificial 

agent 

H2 evolution 

(μmol·h-1) 

PC-HER rate 

(μmol·h-1·g-1) 

Ref. 

g-C3N4 10 3 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 10.24 1024 [111] 

g-C3N4 20 3 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 13 650 [123] 

g-C3N4 50 3 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 19.35 387 [128] 

g-C3N4 100 3 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 17.4 174 [131] 
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2.9.2 Light sources 

As shown in Table 2.18, the PC-HER rates of g-C3N4 show quite different 

results with and without a cut-off filter. Besides, it has not been explored 

whether PC-HER laws are similar under different light sources. Therefore, 

the factor of light sources needs to be studied more in the future. 

 

Table 2.18 Different light sources of g-C3N4 for PC-HER. 

Photocatalyst Catalyst 

amount (mg) 

Cocatalyst Optical source Sacrificial 

agent 

HER rate 

(μmol·h-1·g-1) 

Ref. 

g-C3N4 50 3 wt% Pt (300 W) Xe lamp 10% TEOA 740 [74] 

g-C3N4 50 3 wt% Pt (300 W, >420 nm) Xe lamp 10% TEOA 387 [128] 

2.10 Conclusions and perspectives 

In conclusion, since Wang et al. firstly applied g-C3N4 in PC-HER in 2009, 

a lot of g-C3N4 based materials, including g-C3N4 nanosheets, nanotubes, 

nanobelts, nanospheres, quantum dots, porous g-C3N4, crystalline g-C3N4, 

doped g-C3N4, g-C3N4 based Schottky junctions, type II junctions, Z-

scheme junctions, PN junctions, and van der Waals junctions, were 

developed to advance the reactivity of g-C3N4. The ways of these well-

designed g-C3N4 based photocatalysts acquiring their enhanced PC-HER 

performance contain increasing porosity, enlarging the specific surface 

area, improving the quantity and quality of active sites, shortening the 

bandgap, broadening the photoabsorption, adjusting the energy band, 
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strengthening the crystallinity, lowering the electrical impedance, and 

inhibiting the reintegration of the photogenerated electrons and holes. 

Furthermore, cocatalysts and sacrificial agents are also playing significant 

roles in the g-C3N4 based PC-HER processes. While cocatalysts can 

transfer photoelectrons from g-C3N4 to attached protons, sacrificial agents 

can effectively consume the photogenerated holes left on the surface of g-

C3N4. Both of them can upgrade the PC-HER rate by several or even 

thousands of folds. Additionally, other factors, like the temperature of 

reaction solution, the amount of photocatalysts, and light sources, can also 

influence the PC-HER results. 

 

Although so many achievements have been acquired in the past decade, 

the development of g-C3N4 based PC-HER processes is still far from 

industrial applications, and arduous works in the following directions may 

be required to boost the reactivity to industrial-grade in the future.  

 

i) Excellent and convenient noble-metal-free cocatalysts are desired to 

substitute platinum cocatalysts since platinum is too precious while other 

counterparts are not easy-prepared and stable enough. In recent years, 

there are abundant two-dimensional (2D) materials reported with good 

ΔGH*. If sufficient exfoliated 2D cocatalysts and integration with g-C3N4 

were obtained, the PC-HER performance might be remarkably boosted. 
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Besides, single metal atom cocatalysts are still a critical research project, 

since they can not only maximize the atomic efficiency of the metals but 

also improve the co-catalytic ability of non-precious metals. 

 

ii) Currently, TEOA is the best sacrificial agent for g-C3N4 based PC-HER 

operations. However, it will be transformed into TEOA+, which is a by-

product with little use and needs to be processed. The merit of TEOA 

being the top scavenger lies in its amino, which can protect g-C3N4 from 

photo-corrosion. From this point of view, more other chemicals with 

amino groups can be tried to replace TEOA. Ideally, the new scavengers 

can be fully oxidized by photo-motivated holes with nitrogen as the by-

product. Unlike TEOA+, nitrogen can be emitted to the air. Moreover, if 

the source of the new sacrificial agent candidate is life waste, the effect of 

“turning waste into treasure” can be gained. 

 

iii) Based on the advanced g-C3N4 photocatalysts as summarized above, 

more photocatalysts can be developed via their appropriate combination. 

For example, exfoliated g-C3N4 or doped g-C3N4 nanosheets can be piled 

with other 2D materials to form van der Waals junctions. In addition, 

Schottky junctions, type II junctions, Z-scheme junctions, or PN junctions 

can cooperate with van der Waals junctions to synergistically facilitate 

PC-HER processes. Last but not least, if exfoliated crystalline g-C3N4 was 
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utilized to form van der Waals Z-scheme junctions, a very high PC-HER 

result might be observed. 

 

iv) More factors need to be examined to optimize PC-HER conditions, 

like temperature, the concentration of photocatalysts, light sources, etc. 

Notably, the solar heat caused temperature rising, which must be carefully 

considered for practical PC-HER operations. If PC-HER capacity of a 

photocatalyst can dramatically increase with temperature, the infrared 

solar spectrum can participate in the PC-HER processes. As a result, PC-

HER efficiency will be raised by a large extent due to the massive 

percentage of the infrared in the solar light (43%). 
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Chapter 3 Solar-heat temperature effect on photocatalytic 

hydrogen evolution 

Abstract 

In photocatalytic hydrogen evolution reaction (PC-HER), solar heat 

(infrared) usually has no significant influence on the photoelectrons 

excitation. However, the solar heat impacts on PC-HER are urgently 

needed to be investigated with the consideration of the high proportion of 

infrared in the solar spectrum. In this Chapter, the solar-heat temperature-

based PC-HER performances of different photocatalysts are studied and 

analyzed with the assistance of a series of temperature-based 

characterizations. Some essential conclusions are achieved from the study. 

a) Pristine TiO2 P25 and g-C3N4 have an increased PC-HER performance 

with temperature, while Pt nanoparticles (NPs) decorated TiO2 P25 and g-

C3N4 own an unstable or even decreased PC-HER efficiency with 

temperature. b) Pt NPs modified g-C3N4 have an enhanced PC-HER 

performance from 25 to 65 °C under visible light irradiations. c) The 

lowered electrical impedance, a shortened bandgap, and the increased 

light absorption with temperature are beneficial factors for photocatalysts 

in the temperature-based PC-HER processes. d) The agglomeration of Pt 

NPs can be a significantly negative factor deteriorating the PC-HER 

performance at a higher temperature. e) UV light can aggravate the 
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thermal agglomeration of Pt NPs. This study outlines the positive and 

negative factors in solar-heat temperature-based PC-HER processes. It 

aims to help intrigue more creative studies to make PC-HER operations 

for industrialization. 

3.1 Introduction 

The source of all energies on the Earth is ultimately sunlight, which 

contains 5% ultraviolet (UV) light (290 – 400 nm), 42% visible light (400 

– 760 nm), and over 50% infrared light (760 – 5300 nm).[1–3] The direct 

exploitation of solar energy, therefore, is the cleanest and most sustainable 

way to provide power for our daily life. Photocatalytic hydrogen evolution 

reaction (PC-HER) is one of the most high-efficiency routes in utilizing 

solar energy, which transforms the sunlight into chemical energy stored in 

the H-H bonding of hydrogen molecules.[4–13] The key step of PC-HER 

lies in the excitation of photoelectrons by photons, where the photons must 

meet the requirement of having energy at least higher than the bandgap of 

a semiconductor.[7,14–18] Most photocatalysts currently used in 

laboratories have bandgap energies much more than 1.63 (1240/760) eV, 

which means that all the infrared of sunlight cannot be utilized for the 

electron motivation process. For example, cadmium sulfide (CdS), with a 

bandgap of 2.40 eV,[19–21] can only generate photoelectrons by incident 

photons less than 517 nm. Graphitic carbon nitride (g-C3N4), having a 
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bandgap of 2.70 eV,[22–27] only utilizes UV light and part of visible light 

(< 459 nm). Titanium dioxide (TiO2) and SrTiO3, as wide-bandgap 

semiconductors (3.2 eV),[28–33] can only exploit UV light (< 388 nm) to 

obtain their photoelectrons. As a result, the issue of how to utilize infrared 

for a PC-HER process is worth pondering. 

 

It is well known that the main function of infrared irradiation is its huge 

thermal effect.[34–37] In PC-HER processes, this signifies that the 

reaction solution’s temperature can be dramatically raised because of the 

enormous amounts of infrared light in the solar spectrum. In our tests, the 

temperature could achieve 57 °C within only 4 hours illumination with a 

300 W Xenon lamp (Figure 3.1). This might provide a strategy to make 

use of infrared light if the PC-HER performance increases with 

temperature. However, very few reports focus on this point. In most PC-

HER studies, a water-circulation system is employed to keep the 

temperature at a specific value to eliminate the interference of infrared 

thermal effect (solar heat) to the experimental results. This value is 

sometimes 25 °C,[38–40] which is seen as room temperature, and also 

sometimes 5 or 35 °C.[27,41–43] Reports usually do not provide more 

information about whether that is an optimal value or other explanations 

for choosing that temperature. Obviously, it would not be cost-effective to 

achieve a constant temperature at the industrial level. Thus, it is urgently 
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temperatures from 25 to 65 °C were found and then explained. 

3.2 Experimental 

3.2.1 Chemicals and materials 

TiO2 P25, urea, sodium sulphate, ethylene glycol (EG), triethanolamine 

(TEOA), chloroplatinic acid, and Nafion solution were purchased from 

Sigma-Aldrich and used without further purification. 

3.2.2 Fabrication of catalysts 

The fabrication of g-C3N4: 10 g urea was placed in a crucible, which was 

then covered with a lid and transferred in a muffle furnace. The 

temperature was kept at 550 °C for 4 hours with a heating rate of 

15 °C/min. The obtained bulk was pulverized in a hard plastic container 

with a stirrer bar by a vortex mixer.  

 

Preparation of 1% Pt-TiO2 P25 (or 1% Pt-g-C3N4): 100 mg TiO2 P25 (or 

g-C3N4) was added in a mixed solution of 180 mL ultrapure water and 20 

ml EG (or TEOA for 1% Pt-g-C3N4), followed by injecting 200 µL H4PtCl 

aqueous solution (5 mg Pt/mL) to the mixture. After a 5-minute 

ultrasonication, the mixed suspension was transferred to a black Teflon 

cell with a quartz light window, which was then sealed tightly. Nitrogen 
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gas was utilized to purge the air away from the cell for 30 minutes with 

vigorous stirring, after which the photo-deposition began with a 300 W 

Xenon lamp (Newport) as the light source. The temperature of the reaction 

solution was kept at 25 °C by a water circulation system. An hour later, 

the solution was filtered to obtain the powders, which were then washed 

several times with ultrapure water and absolute ethanol and vacuum-dried 

at room temperature. 

3.2.3 Characterization techniques 

Transmission electron microscopy images (TEM) were obtained from a 

Philips CM200 microscope (Germany) at 200 kV. UV-Vis diffuse 

reflectance tests were performed on a Cary 100 UV-Vis spectrophotometer 

(Agilent, USA) with BaSO4 as the blank sample. 

3.2.4 Photoelectrochemical tests 

Time-dependent photocurrent, electrical impedance spectroscopy (EIS), 

and Mott-Schottky tests were performed on a Zennium electrochemical 

workstation (Zahner, Germany) in a standard three-electrode system with 

a 0.05 M Na2SO4 (pH = 6.8) electrolyte solution, employing a Pt plate as 

the counter electrode and a Ag/AgCl electrode as the reference electrode. 

In terms of the photoanode, the sample film was fabricated on a fluorine-

doped tin oxide (FTO) glass, which was ultrasonicated in ultrapure water, 
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acetone, and ethanol for 15 min in sequence and dried at 60 °C. Then 5 

mg of the catalyst was mixed with 1 mL of absolute ethanol first. After an 

hour of ultrasonication, 10 μL of Nafion solution was added to the mixture. 

The obtained slurry was ultrasonicated again for half an hour, before being 

dropped onto the pre-treated FTO glass via a spin-coating method, and the 

prepared electrode was dried at 100 °C for 24 h (catalyst loading ~0.60 

mg·cm-2). Photocurrents were obtained using a 300 W Xenon arc lamp 

with light passing through an AM 1.5 G filter into an optical fibre (output 

I0 = 100 mW·cm-2). 

3.2.5 Solar-heat temperature effect measurements 

The measurements of solar-heat temperature effect on photocatalytic 

hydrogen evolution were performed in a black Teflon cell with a quartz 

light window. The light source was a 300 W Xenon lamp (Newport). In a 

typical experiment, 50 mg photocatalysts were added in a mixed solution 

of 90 mL ultrapure water and 10 mL sacrificial agent (EG for TiO2 P25 

and 1% Pt-TiO2 P25, TEOA for g-C3N4 and 1% Pt-g-C3N4). After a 5-min 

ultrasonication, the mixed suspension was transferred in the reactor, which 

was then sealed tightly. Nitrogen gas was utilized to drive the air away 

from the reactor and the reaction solution for 30 min under vigorous 

stirring, after which the light source was switched on, and timing began. 

Meanwhile, the temperature of the reaction solution was kept at a constant 
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value using a water circulation system combined with a hot plate. The 

generated hydrogen was online examined by a 490 Micro GC (Agilent, 

USA) equipped with a thermal conductivity detector. 

3.3 Results and discussions 

The solar-heat temperature effects on PC-HER were firstly measured, with 

a circulation system and a hot plate to control the temperature. Figure 3.2a 

shows that the PC-HER rates of TiO2 P25 increase with temperature from 

25 to 65 °C under full-spectrum irradiations. EG was used as the sacrificial 

agent based on a previous report comparing different scavengers for 

various photocatalysts,[44] where EG was found to be the best one for 

TiO2. In our study, we also tried TEOA as the sacrificial agent for TiO2 

P25 and 1% Pt-TiO2 P25. However, none of them showed any hydrogen 

evolution, which confirmed the correlation between a photocatalyst and a 

sacrificial agent. We can also find that the PC-HER rate of TiO2 P25 

achieves 152 µmol·h-1·g-1 at 65 °C, which is 6.1 folds that at 25 °C. 

Although it seems to be a significant increase, the improvement is 

negligible compared to TiO2 P25 with 1% Pt as the cocatalyst. From 

Figure 3.2b, it can be found that the PC-HER rate of 1% Pt-TiO2 P25 is 

23949 µmol·h-1·g-1 at 25 °C, which is even up to 958 times that of pure 

TiO2 P25 at 25 °C. Therefore, the research of solar-heat temperature 

effects on Pt-TiO2 P25 is much more meaningful. However, as can be seen 



116 
 

from Figure 3.2b, the trend of 1% Pt-TiO2 P25 is not continually growing 

with temperature. The PC-HER rate has a noticeable increase at 35 °C 

than that at 25 °C, even as high as 29945 µmol·h-1·g-1, but it plummets to 

18656 µmol·h-1·g-1 at 45 °C and then rises backward to 22761 µmol·h-1·g-

1 at 55 °C and 27490 µmol·h-1·g-1 at 65 °C. However, this value at 65 °C is 

still 8% lower than the peak value obtained at 35 °C. We also investigated 

the solar-heat temperature effects on g-C3N4 and 1% Pt-g-C3N4. Figure 

3.3a displays that the PC-HER rates of g-C3N4 move up, with temperature 

from 25 to 65 °C, and the value of 73.4 µmol·h-1·g-1 at 65 °C is about 1.61 

times as high as that at 25 °C. 1% Pt-g-C3N4 has a PC-HER rate of 1684 

µmol·h-1·g-1 at 25 °C (Figure 3.3b), which is 37 folds that of pristine g-

C3N4 at the same temperature. An increase of ~ 7% can also be acquired 

at 35 °C than that at 25 °C for 1% Pt-g-C3N4, but the value at 45 °C 

considerably falls to just half that at 35 °C, which resembles the tendency 

of 1% Pt-TiO2 P25. But different from 1% Pt-TiO2 P25, the PC-HER rate 

of 1% Pt-g-C3N4 continues a declining trend at 55 and 65 °C and drops to 

777 µmol·h-1·g-1 at 65 °C, which is 43% less than that of the peak value at 

35 °C. Since, in most studies, g-C3N4 based materials are only applied 

under a light source with a cutoff filter (> 420 nm), we also tested the 

solar-heat temperature effects of 1% Pt-g-C3N4 using such a cutoff filter. 

As shown in Figure 3.3c, the enhancement with temperature from 25 to 

65 °C is quite remarkable, but the PC-HER rate has a minor decrease at 
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75 °C. Besides, the rate of increase seems to slow down with temperature. 

 

In summary, pure TiO2 P25 and g-C3N4 have enhanced PC-HER rates with 

increasing temperature. In contrast, the PC-HER rates of Pt nanoparticles 

modified TiO2 P25 and g-C3N4 are unstable or even decrease with 

temperature. Besides, under the light source with wavelength > 420 nm, 

1% Pt-g-C3N4 can see the growth of PC-HER rate with temperature from 

25 to 65 °C, but the growth rate decreases with temperature increasing. 

 

 

Figure 3.2 The PC-HER rates under different temperatures of a) TiO2 P25 

and b) 1% Pt-TiO2 P25. 
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Figure 3.3 The PC-HER rates at different temperatures of a) g-C3N4, b) 

1% Pt-g-C3N4, and c) 1% Pt-g-C3N4 with a cutoff filter (> 420 nm) for the 

light source. 

 

According to the Arrhenius equation,[45,46] when other conditions are 

constant, the reaction rate should increase with temperature, unless the 

catalysts change. Therefore, it is speculated that some variations happened 

in the photocatalysts of 1% Pt-TiO2 P25 and 1% Pt-g-C3N4 when the 

temperature is increased. 

 

To deeply understand what happened with those catalysts at different 

temperatures, we firstly explored their time-dependent photocurrent shifts 

with temperature. As displayed in Figure 3.4, all photocurrents of these 

four photocatalysts have gradual increases with temperature. The 

photocurrents at 65 °C are more than doubling those at 25 °C, respectively. 

However, these data are not consistent with the electrical resistance 

change of the electrochemical solution (0.5 M Na2SO4). As can be seen in 

Figure 3.5, the resistance is decreasing gradually with temperature, which 
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will inevitably cause the photocurrent to rise with temperature. 

 

 

Figure 3.4 The changes of time-dependent photocurrents of TiO2 P25, 1% 

Pt-TiO2 P25, g-C3N4, and 1% Pt-g-C3N4 with temperature. 
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Figure 3.5 The electrical impedance change of electrochemical solution 

(0.5 M Na2SO4) with temperature. 
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After that, we continued the tests of EIS by the electrochemical system. 

Figure 3.6a clearly shows that the arc radii of TiO2 P25 are reducing with 

temperature, indicating that the electrical impedance of TiO2 P25 is 

shrinking with the temperature rising.[47,48] This result is reasonable. As 

the temperature goes up, the increased carrier (hole and electron) 

concentration of a semiconductor can lead to the decrease of its resistance. 

Figure 3.6b displays the EIS curves of 1% Pt-TiO2 P25 at different 

temperatures. Compared to the curves of TiO2 P25 in Figure 3.6a, 1% Pt-

TiO2 P25 has much smaller radii in the arc part, which is because of the 

much lower resistance of Pt nanoparticles in 1% Pt-TiO2 P25. Moreover, 

unlike semiconductors, the resistance of a metal increases with 

temperature because the intensified vibration of metal cations under 

higher temperature will retard the movement of free electrons. However, 

the arc radius of 1% Pt-TiO2 P25 still decreases with temperature going 

up, signifying that the EIS change of 1% Pt-TiO2 P25 mainly originates 

from the decreased resistance of the semiconductor, TiO2 P25. Figure 3.6c 

gives the EIS curves of g-C3N4, which resemble the results of TiO2 P25 in 

Figure 3.6a. The curves of 1% Pt-g-C3N4 (Figure 3.6d) only have slightly 

smaller arc radius than that of g-C3N4. This change is not so significant as 

the mutation from TiO2 P25 to 1% Pt-TiO2 P25 as described above, 

resulting from the fact that unlike TiO2 P25 nanoparticle structure, the 
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nanosheet of g-C3N4 has an extensive two dimensional (2D) surface and 

the wrinkles on the surface may cover Pt nanoparticles and weaken their 

impact on the EIS results. What is more, with the temperature rising, the 

arc radius of 1% Pt-g-C3N4 also diminishes, again proving that the 

decreased electrical resistance of the semiconductor, g-C3N4, is mainly 

responsible for the EIS change of 1% Pt-g-C3N4. 

 

In short, from the viewpoint of EIS change, all those four photocatalysts 

have a smaller electrical impedance, which should facilitate PC-HER 

efficiency. 
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Figure 3.6 The EIS changes TiO2 P25, 1% Pt-TiO2 P25, g-C3N4, and 1% 

Pt-g-C3N4 with temperature. 

 

To provide insights into the energy band shifts with temperature, UV-vis 

diffuse reflectance spectra of those four photocatalysts were employed. 

Figure 3.7a and b display that there are no significant changes in 

photoabsorption for both TiO2 P25 and 1% Pt-TiO2 P25 from 25 to 65 °C. 

However, from Figure 3.7c and d, we can find that the light absorption in 

the UV range of both g-C3N4 and 1% Pt-g-C3N4 intensifies with 

temperature, which can benefit the efficiency in PC-HER processes. 

According to the Kubelka-Munk theory, the bandgap changes with 

temperature were acquired and shown in Figure 3.7e, f, g, and h. The 

bandgap of TiO2 P25 is stably 2.88 eV from 25 to 65 °C (Figure 3.7e), 

while that of 1% Pt-TiO2 P25 is sustained at 2.28 eV (Figure 3.7f). 

Whereas, the bandgap of g-C3N4 gradually narrows with the temperature 

rising and achieves 2.527 eV at 65 °C, which is 0.018 eV less than that at 

25 °C (2.545 eV). Similarly, 1% Pt-g-C3N4 sees the bandgap diminishing 

from 2.553 eV at 25 °C to 2.532 eV at 65 °C, which can help use photons 

with slightly lower energy to excite electrons. 
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Figure 3.7 The UV-vis diffuse reflectance spectra of a) TiO2 P25, b) 1% 

Pt-TiO2 P25, c) g-C3N4, and d) 1% Pt-g-C3N4 with temperature, and their 

corresponding plots of (αhν)1/2 versus bandgap energy (hν) of e) TiO2 P25, 

f) 1% Pt-TiO2 P25, g) g-C3N4, and h) 1% Pt-g-C3N4. 

 

The Mott-Schottky (MS) curves were then conducted to determine the 

flat-band potentials, which can be approximated to the conduction band 

(CB) of those four n-type photocatalysts.[49–51] In Figure 3.8, it can be 

seen that the CB values of all those photocatalysts are becoming more 

negative with increased temperature (Figure 3.8a). In detail, the CB of 

TiO2 P25 shifts from -0.29 eV at 25 °C to -0.41 eV at 65 °C, while the CB 

of 1% Pt-TiO2 P25 changes from -0.50 eV at 25 °C to -0.41 eV at 65 °C. 

Apparently, the CB value of 1% Pt-TiO2 P25 is more negative than that of 

TiO2 P25 at the same temperature. This is because the Schottky junction 

formed between Pt and TiO2 P25 makes the CB of TiO2 P25 bend upward 

(Scheme 3.1). The MS curve changes of g-C3N4 and 1% Pt-g-C3N4 with 

temperature are akin to the results of TiO2 P25 and 1% Pt-TiO2 P25. The 
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CB of g-C3N4 has gradual shifts from -0.33 eV at 25 °C to -0.41 eV at 

65 °C with temperature, while the changes of 1% Pt-g-C3N4 are -0.38 eV 

to -0.41 eV from 25 to 65 °C. Unlike 1% Pt-TiO2 P25, the CB of 1% Pt-

g-C3N4 is only different from that of g-C3N4 at 25 °C. At 35 – 65 °C, both 

g-C3N4 and 1% Pt-g-C3N4 share the same CB values. This indicates that, 

for 1% Pt-g-C3N4, the changes of semiconductor properties play the main 

role, which could again originate from the large 2D surface and wrinkles 

of g-C3N4 covering Pt nanoparticles as described above. 

 

 

Figure 3.8 The Mott-Schottky curves of a) TiO2 P25, b) 1% Pt-TiO2 P25, 

c) g-C3N4, and d) 1% Pt-g-C3N4 with temperature. 
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Scheme 3.1 The structure of the Schottky junction. 

 

Based on all the data from UV-vis spectra and MS curves, the energy 

bands of TiO2 P25 and g-C3N4 are calculated and summarized in Figure 

3.9. It is clear that all CB and VB values are shifting toward a negative 

direction. The main difference between TiO2 P25 and g-C3N4 lies in that 

the bandgap of g-C3N4 shortens with temperature, while there is no change 

of bandgap for TiO2 P25. 

 

 

Figure 3.9 The energy bands of a) TiO2 P25 and b) g-C3N4 under different 

temperatures. 
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To further figure out the unfavorable PC-HER results of Pt-based 

photocatalysts with temperature, we observed the morphologies of these 

photocatalysts after being used at different temperatures. Figure 3.10a 

shows 1% Pt-TiO2 P25 morphologies at 25 – 65 °C. The size of the Pt 

nanoparticles (NPs) obtained at 25 °C is about 2 nm. At 35 °C, most of 

them keep the same size, but agglomeration occurs and makes the particle 

size into 3 nm. That explains why the PC-HER rate of 1% Pt-TiO2 P25 

can have an improvement from 25 to 35 °C, but this enhancement is not 

enormous (Figure 3.2b). Agglomeration continues to make the diameter 

of some nanoparticle grow to 8 nm at 45 °C, which accounts for the plunge 

of the PC-HER rate from 35 to 45 °C. Because the substrate of 1% Pt-TiO2 

P25 has a size about 25 nm, which does not support much larger 

nanoparticles, thus the agglomerated Pt NPs size is still ~ 8 nm at 55 and 

65 °C. Therefore, the PC-HER results can keep increasing from 45 – 65 °C. 

The changed sizes of Pt NPs can primarily clarify the various PC-HER 

efficiency at different temperatures. 

 

Unlike TiO2 P25, g-C3N4 nanosheet has a large surface, which provides 

enough space for attaching larger NPs. In Figure 3.10b, the size of the Pt 

NPs is about 3 nm at 25 °C. With the temperature rising, the agglomeration 

of Pt NPs keeps going seriously. At 65 °C, the agglomerated NPs with a 

diameter of ~ 18 nm can be found. These data can thoroughly explain the 
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going-down PC-HER performance of 1% Pt-g-C3N4 with raised 

temperatures. However, under visible light (> 420 nm), no agglomeration 

and even no nanoparticles can be observed on the surface of g-C3N4 

(Figure 3.10c) from 25 to 55 °C. This is perhaps because the acquired Pt 

nanoclusters are beyond the resolution of our TEM setup. At 65 °C, Pt NPs 

about 4 nm emerge. At 75 °C, 8 nm Pt NPs can be found on the g-C3N4 

surface. These images elucidate the PC-HER performance of 1% Pt-g-

C3N4 at different temperatures with visible-light irradiations (firstly 

increasing then decreasing, Figure 3.3c). As to the reduced accelerating 

rate from 25 to 65 °C, it is perhaps the Pt nanoclusters are growing with 

temperature, until the Pt NPs appear at 65 °C (Figure 3.10c). Besides, the 

different solar-heat temperature-based PC-HER trends of 1% Pt-g-C3N4 

under full-spectrum and visible light indicate that the thermal 

agglomerations of Pt NPs can be severely aggravated under UV light. 
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Figure 3.10 The morphologies of Pt-based photocatalysts after being used 

under different temperatures. a) 1% Pt-TiO P25. b) 1% Pt-g-C3N4. c) 1% 

Pt-g-C3N4 under visible light irradiations (> 420 nm). All the scale bars 

are representing 10 nm. 

3.4 Conclusions 

From all the above results and discussion, some conclusions can be 

derived. 1) Pristine TiO2 P25 and g-C3N4 have increased PC-HER 

performances with temperature. 2) Pt NPs decorated TiO2 P25 and g-C3N4 

own unstable or even decreased PC-HER efficiencies with temperature. 3) 

Pt NPs modified g-C3N4 has enhanced PC-HER performances from 25 to 

65 °C under visible light irradiations. 4) The lowered electrical impedance, 

shortened bandgap, and increased light absorption with temperature are 
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positive factors for those photocatalysts in temperature-based PC-HER 

processes. 5) The CB and VB values become more negative with 

temperature. 6) The agglomeration of Pt nanoparticles can be a 

significantly negative factor blocking the PC-HER performance on a 

higher temperature. 7) UV light can aggravate the thermal agglomeration 

of Pt NPs. Therefore, in the future, the issue of metal agglomeration with 

temperature must be solved for the industrial and practical application of 

PC-HER processes. Perhaps, single-atom catalysis will provide one 

alternative solution. This study summarizes the positive and negative 

factors for solar-heat temperature-based PC-HER processes. It aims to 

help inspire more studies to make PC-HER operations move forward 

toward industrialization. 
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Chapter 4 Synergy of NiO quantum dots and temperature on 

enhanced photocatalytic and thermophoto hydrogen evolution 

Abstract 

Solar-to-hydrogen holds a great promise as the sustainable energy solution, 

in which photocatalysis plays an important role. In the last Chapter, we 

studied the solar-heat influence on photocatalytic hydrogen evolution 

reaction (PC-HER). In this Chapter, a composite photocatalyst with NiO 

quantum dots (NiO QDs) in graphitic carbon nitride (g-CN) was 

synthesised and evaluated in photocatalytic (PC) and 

thermophotocatalytic HER processes under visible light irradiations. A 

sample of 9 wt% NiO QDs-g-CN achieved the highest PC-HER rate of 

130 μmol·g-1·h-1 at ambient condition, 11 times higher than pristine g-CN. 

Meanwhile, the thermophotocatalytic HER rate reached 260.2 μmol·g-1·h-

1 at 55 °C. Photo-illumination led to the formation of C-O bond between 

g-CN and NiO QDs to bridge photoelectron transport for lowering the 

HER overpotential barriers and enhancing electrical conductivity. The 

higher thermophoto-induced HER can be ascribed to the increased 

electrical conductivity of NiO QDs-g-CN. This work underlines the 

importance of chemical binding in heterostructures and quantum 

confinement effects in QDs-based composites, and it also demonstrates 

the thermal sensitivity effect in thermophotocatalytic HER process. 
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4.1 Introduction 

In recent decades, the depletion of fossil fuels[1–6] and increased 

environmental pollutions[7–12] urged researchers to develop new clean 

energy sources. With one of the most environmentally friendly methods 

and the cleanest energy product, photocatalytic (PC) hydrogen evolution 

reaction (HER) via water splitting has drawn widespread attention[13–18]. 

In this process, the key role is played by photocatalysts, which utilise 

photons for exciting electrons and holes to participate in redox reactions. 

 

Graphitic carbon nitride (g-CN), with its suitable band structure, metal-

free nature, easy fabrication and excellent chemical stability, is one of the 

most charming photocatalysts for PC-HER[19–26]. However, the high 

recombination rate of photo-excited electron-hole pairs causes its low 

performance[19–21]. Addition of cocatalysts has been an effective way to 

separate the photoinduced carriers for improving the photocatalytic 

activity[27–30]. While noble metal co-catalysts, platinum[27] or 

rhodium[31], can dramatically increase the PC-HER activity of g-CN, the 

iron[32], cobalt[33] or nickel-based[34,35] earth-abundant co-catalysts, 

provide cost-effective options. In particular, nickel-based catalysts have 

received more attention in recent years because of their outstanding 

activity[26,36].  
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Among them, nickel oxide is the most stable form with eminent electron 

transportation ability. Nevertheless, only a few investigations have been 

reported on its combination with g-CN for PC-HER[37,38]. Liu et al. 

prepared an amorphous NiO modified g-CN and used it in this area. The 

enriched active sites and extended visible light absorption remarkably 

promoted the PC-HER performance[38]. Li et al. studied the effect of 

nickel-based cocatalysts on g-CN. They reported that crystalline nickel 

oxide could greatly improve PC-HER activity because of the much lower 

impedance of NiO/g-CN[37]. However, no study has focused on the 

fabrication and application of NiO quantum dots (NiO QDs) on g-CN for 

PC-HER. With more exposed edges as catalytically active sites than NiO 

nanoparticles (NPs), NiO QDs appear to be a more favourable candidate 

as the cocatalyst in PC-HER. 

 

Besides, considering that 43% of the solar spectrum falls within the 

infrared region[39], which has little ability for the photo-excitement of 

electrons. Then how to exploit this part of solar energy is up in the air. 

Given that the thermal effect is the main property of infrared lights[40], 

the reaction solution temperature will definitely go upwards in PC-HER. 

According to our tests, the temperature can reach 57 °C after 4 h 

irradiation using a Xenon lamp (refer to Figure 3.1). Therefore, finding 

the catalysts with evidently increased performance with temperature is 
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important. Taking into account that nickel oxide is a photosensitive 

semiconductor, whose resistance will decrease significantly with 

increasing temperature[41], it would be important to investigate the 

temperature effect on the performance of thermophoto reaction on NiO 

loaded on g-CN.  

 

Hence, in this study, NiO QDs decorated g-CN was successfully 

synthesised by a refluxing method followed by a photo-illumination 

treatment. The as-prepared composite was used for PC-HER and 

thermophotocatalytic HER. The quantum confinement effects of NiO QDs 

and C-O single bonding formed via the photo illumination process led to 

faster electron transfer and lower over-potentials, resulting in the 

significantly enhanced PC-HER performance. In addition, the increased 

electron transfer ability of NiO at a higher temperature would 

synergistically help further improve the thermophoto performance of the 

as-synthesised catalyst. 

4.2. Experimental  

4.2.1 Chemicals and materials  

Urea (AR) was purchased from Chem-Supply, Australia. Nickel acetate 

tetrahydrate (98%), hexadecyl trimethyl ammonium bromide (CTAB, 
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99%), ethylene glycol (EG, 99.8%), polyvinylpyrrolidone, sodium sulfate, 

sodium hydroxide, ethanol, acetone and methanol were supplied by 

Sigma-Aldrich, Australia. All the reagents were used directly without any 

further purification.  

4.2.2 Preparation of catalyst materials 

Pristine g-CN powders were fabricated as below: 10 g of urea was placed 

in a furnace, heated to 550 °C at a heating rate of 15 °C min-1 and kept for 

4 h in air. The obtained chunk was ground to fine powders in a mortar. 

 

Scheme 4.1 shows the typical synthesis of NiO QDs@g-CN and NiO 

QDs-g-CN. Typically, 61 mg of Ni(CH3COO)2·4H2O and 96 mg of CTAB 

were mixed in 70 mL of EG. Then 9.64 mL of NaOH solution (0.1 M in 

ethanol) was dropped in the mixture using a peristaltic pump. After 3-day 

stirring, 200 mg of g-CN was added. The mixture was sonicated for 1 h 

and then stirred for another day at ambient temperature. Subsequently, the 

mixed solution was refluxed for 3.5 h at the boiling point of EG, and the 

precipitate was then centrifuged, rinsed with ethanol and water for several 

times. The as-prepared composites were denoted as 9 wt% NiO QDs@g-

CN, which were then transferred to the mixed solution of methanol (30 

mL) and water (90 mL), and illuminated with a 300 W Xenon lamp for 4 

h. The obtained precipitate was centrifuged and washed with ethanol and 
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water several times, and then dried in an oven of 60 °C. This sample was 

labelled as 9 wt% NiO QDs-g-CN. Other NiO QDs-g-CN samples were 

prepared similarly with different NiO loadings. 

 

 

Scheme 4.1 Schematic illustration of a refluxing route for the synthesis of 

NiO QDs@g-CN and NiO QDs-g-CN.   stands for nickel acetate, 

 CTAB,  Ni(OH)2 QD,  g-CN, and  NiO QD.  

 

For comparison, a NiO nanoparticles (NPs) loaded on g-CN sample (NiO 

NPs-g-CN) was also prepared. For the preparation of NiO NPs, 4.35 g of 

Ni(CH3COO)2·4H2O and 1.5 g of NaOH were dissolved in 30 mL and 75 

mL of deionised (DI) water, respectively, followed by coprecipitation 

using polyvinylpyrrolidone (0.5 g) as a surfactant. The precipitate was 

obtained by centrifugation, rinsed with DI water and ethanol several times, 

and then dried at 60 °C for 24 h. Then, the collected precipitate was 

calcined at 300 °C for 2 h to obtain NiO NPs. In the following step, 200 
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mg of g-CN and 18 mg of NiO NPs were mixed in methanol and sonicated 

for 1 h, and then stirred for 24 h. The precipitate was collected by 

centrifugation, washed with water and ethanol, and then annealed at 

300 °C in air for 2 h. 

4.2.3 Characterisation techniques 

Transmission electron microscopy (TEM) and high angle annular dark-

field scanning TEM (HAADF-STEM) images with elemental mapping 

were conducted on a Titan G2 60-300 at 200 and 80 kV, respectively. 

Powder X-ray diffraction (XRD) patterns were determined on a powder 

X-ray diffractometer (Miniflex, Rigaku) using Cu Kα radiation. X-ray 

photoelectron spectroscopy (XPS) was measured on a Thermo Escalab 

250 with an Al Kα X-ray to determine the chemical states of the elements. 

Fourier transform infrared (FTIR) spectra were recorded on a Nicolet 

6700 spectrometer. UV–vis diffuse reflectance spectra (DRS) were 

acquired on an Agilent Cary 100 UV–vis spectrophotometer equipped 

with an integrated sphere attachment. Photoluminescence (PL) spectra of 

the samples were obtained on a Cary Eclipse Fluorescence 

Spectrophotometer (Agilent, US).  

4.2.4 Photoelectrochemical tests  

Electrochemical impedance spectroscopy (EIS), photocurrent, Mott-
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Schottky and linear sweep voltammetry (LSV) curves were obtained on a 

Zennium electrochemical workstation (Zahner, Germany) in a standard 

three-electrode framework with a 0.05 M Na2SO4 (pH = 6.8) electrolyte 

solution, employing a Pt plate as the counter electrode and an Ag/AgCl 

electrode as the reference electrode. As for the photoanode, the sample 

film was fabricated on a fluorine-doped tin oxide (FTO) glass, which was 

ultrasonicated in DI water, acetone and ethanol for 15 min in sequence and 

dried at 60 °C. Then 5 mg of the catalyst was mixed with 1 mL of absolute 

ethanol and 10 μL of Nafion solution homogeneously. The obtained slurry 

was dropped onto the pre-treated FTO glass via a spin-coating method, 

and the prepared electrode was dried at 100 °C for 24 h (catalyst loading 

∼ 0.60 mg·cm-2). Photocurrents were obtained using a 300W Xenon arc 

lamp with light passing through an AM 1.5 G filter into an optical fibre 

(output I0 = 100 mW·cm-2). 

4.2.5 Photocatalytic activity evaluation  

Photocatalytic H2 production experiments were conducted in a stainless-

steel reactor covered with a quartz window at ambient temperature. A 

300W Xenon lamp (Newport) with a UV cutoff filter (λ > 400 nm) was 

used as the light source. Typically, 50 mg of a photocatalyst was dispersed 

in a mixed solution (120 mL) containing DI water (90 mL) and methanol 

(30 mL). Prior to the irradiation, the suspensions were vigorously stirred 
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in the dark for 30 min, and the reaction vessel was degassed by purging 

with N2 at the same time to form an anaerobic condition. The produced H2 

was analysed online by a gas chromatograph (Agilent 490 Micro GC) 

using a thermal conductivity detector. The apparent quantum efficiency 

(QE) was measured with a 420 nm filter. The focused intensity was tested 

with a light intensity meter. The QE was calculated according to the 

equation 4.1: 

QE[%]=
number of reacted electrons

number of incident photons
*100=

number of evolved H2 molecules × 2

number of incident photons
*100  

            Eq. 4.1 

4.2.6 Thermophoto activity evaluation  

In the investigation of the temperature effect on photocatalytic activity of 

NiO QDs-g-CN, the solution temperature was controlled at 25, 35, 45, and 

55 °C by both a heating plate and a circulating water system. After one 

hour of irradiation in the reactor, the produced H2 was withdrawn to the 

online GC for detection. 

4.3 Results and Discussion 

4.3.1 Morphology, phase structure and composition of the catalysts  

Figure 4.1a shows the TEM image of 9 wt% NiO QDs-g-CN, from which 

no evident particles can be found in the layered sheet-like g-CN. Small 



148 
 

dots in diameter of 2-4 nm can be observed on the surface of g-CN (Figure 

4.1b) after amplifying the red frame section in Figure 4.1a. The HRTEM 

image (Figure 4.1c) shows the lattice distance of 0.24 nm that corresponds 

to the (111) plane of NiO, evidencing the successful fabrication of NiO 

QDs on g-CN. Figures 4.1d-h display the HAADF and corresponding 

elemental mapping. In detail, carbon, nitrogen and oxygen cover all the g-

CN area, while nickel is just present on those small dots, indicating the 

formation of NiO QDs-g-CN and the uniform distribution of the QDs. 

Comparatively, TEM images of 9 wt% NiO QDs@g-CN (prepared 

without photo-illumination) and 9 wt% NiO NPs-g-CN are displayed in 

Figure 4.2. No evident morphological differences between NiO QDs@g-

CN and NiO QDs-g-CN are shown, and NiO NPs with diameters of ~18-

30 nm are evenly dispersed on NiO NPs-g-CN.   
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Figure 4.1 Morphological characterisations of 9 wt% NiO QDs-g-CN. a, 

b) TEM images, c) high-resolution TEM image, d) HAADF image, and e, 

f, g, h) elemental mapping showing the distributions of carbon (red), 

nitrogen (olive), oxygen (green) and nickel (blue). 

 

 

Figure 4.2 TEM images of a) 9 wt% NiO QDs@g-CN and b) and c) 9 wt% 

NiO NPs-g-CN. 

 

XRD patterns were investigated for the crystalline structure of g-CN and 

NiO QDs-g-CN at different ratios. In Figure 4.3a, only two peaks at about 

27.5° and 13.0° can be found for all the samples, which stand for the 
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interplanar stacking of the conjugated double bonds for graphitic materials 

as the (002) crystal plane of 0.336 nm and the in-planar ordering of tri-

triazine units as the (100) plane at 0.675 nm, respectively.[24,42] The 

absence of NiO QDs peaks might be due to its quantum dot size, since a 

smaller particle size will usually reduce the continuity of the crystal lattice 

compared with a larger one, resulting in a weaker XRD peak intensity.[43] 

These results manifest that typical graphitic and layer-structured g-CN 

was well-formed as those in the previous reports[20,24,42] and that the 

addition of NiO QDs did not change the crystalline structure of g-CN. 

Additionally, XRD pattern (Figure 4.3b) of 9 wt% NiO QDs@g-CN is 

similar to that of 9 wt% NiO QDs-g-CN, while the peaks of NiO NPs on 

9 wt% NiO NP-g-CN at 37.2°, 43.1°, 62.7°, 75.3°, and 79.3° can be clearly 

observed, corresponding to the (111), (200), (220), (311), and (222) plane 

diffractions of NiO (JCPDS No.47-1049)[38]. 

 

 

Figure 4.3 a) XRD patterns of NiO QDs-g-CN with different ratios. b) 

XRD patterns of g-CN, 9 wt% NiO QDs@g-CN, 9 wt% NiO QDs-g-CN 

and 9 wt% NiO NPs-g-CN. c) XPS survey of 9 wt% NiO QDs-g-CN. 
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Figure 4.3c presents the XPS full-survey spectrum of 9 wt% NiO QDs-g-

CN, containing elements of carbon, nitrogen, oxygen and nickel at binding 

energies of 287.3 (C 1s), 399.3 (N 1s), 529.8 (O 1s) and 855.1 eV (Ni 2p), 

respectively. Peaks of C 1s (Figure 4.4a) can be deconvoluted to three 

peaks at 284.6, 285.8 and 287.8 eV, respectively. The first and last peaks 

are in accordance with sp2 carbon bonded to the three nitrogen atoms in 

the g-CN lattice and unavoidably loaded graphitic carbon atoms, 

respectively[44,45], similar to g-CN (Figure 4.5a). The middle peak can 

be attributed to a carbon-oxygen single bond[46], indicating the formation 

of C-O bond between g-CN and NiO QDs. The new bonding could 

effectively improve the electron transportation between the interface of 

the two compounds[38], consistent with the EIS test reported in the 

following section. The four peaks in N 1s (Figure 4.4b) can be ascribed to 

the sp2-bonded N atoms in graphite-like g-CN structure (C−N=C, 398.8 

eV), tertiary groups (N−(C)3, 399.6 eV), amino-functional groups (C-N-

H, 401.0 eV) and the typical π-excitation (404.5 eV) accordingly[45]. For 

O 1s (Figure 4.4c), the first peak (529.8 eV) originates from NiO QDs[47], 

while the second one (531.0 eV) is owing to the adsorbed H2O on the 

photocatalyst surface[48]. The third peak at 532.3 eV can be assigned to 

C-O single bond[49], which is in accordance with the results of C 1s 

(Figure 4.4a). In terms of Ni 2p (Figure 4.4d), the peak at 855.1 eV is 
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attributed to Ni 2p3/2, while the peak at 872.7 eV belongs to Ni 2p1/2, and 

the residual two peaks at 860.8 and 878.6 eV are the shakeup satellites[50]. 

 

 

Figure 4.4 a) C1s of 9 wt% NiO QDs-g-CN, b) N1s of 9 wt% NiO QDs-

g-CN, c) O 1s of 9 wt% NiO QDs-g-CN, and d) Ni 2p of 9 wt% NiO QDs-

g-CN. 

 

 

Figure 4.5 a) C1s of g-CN. b) N1s of g-CN. c) Photocatalytic H2 evolution 

on 9 wt% NiO QDs@g-CN. 
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In this study, the effect of photo-illumination treatment was investigated. 

A photocatalyst (NiO QDs@g-CN) without a photo-illumination 

treatment showed a very poor PC-HER performance (Figure 4.5c) in the 

first three hours, but it gradually presented a stable and good performance 

in the later several hours. XPS characterisation of NiO QDs-g-CN (after 

photo illumination of 4 h, Figure 4.4), NiO QDs@g-CN (before photo 

illumination, Figure 4.6) and g-CN (Figure 4.5a and b) suggested that the 

C-O bond is only present in NiO QDs-g-CN. Thus, it can be concluded 

that the C-O bond is formed in the photo illumination process and plays a 

critical role in the PC-HER performance (Figure 4.5c). Comparatively, the 

XPS spectrum of NiO NPs-g-CN was also acquired, as shown in Figure 

4.7. The C-O bond was also found indicating that the main difference 

between NiO QDs-g-CN and NiO NPs-g-CN is lying on the sizes of QDs 

and NPs. 
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Figure 4.6 XPS survey of 9 wt% NiO QDs@g-CN. a) C1s, b) N1s, c) O 

1s, and d) Ni 2p. 
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Figure 4.7 XPS survey of 9 wt% NiO NPs-g-CN. a) C1s, b) N1s, c) O 1s, 

and d) Ni 2p. 

 

To furtherly verify the C-O bonds of NiO QDs-g-CN and NiO NPs-g-CN, 

we conducted FTIR of g-CN, NiO QDs@g-CN, NiO QDs-g-CN and NiO 

NPs-g-CN. Figure 4.8a displays that all these four samples show a similar 

spectrum, which is consistent with previously reported FTIR spectrum of 

g-CN[51]. When expanding the figure in the range of 600-700 nm-1 

(Figure 4.8b), a small broad peak for Ni-O bond can be found in NiO 

QDs@g-CN, NiO QDs-g-CN and NiO NPs-g-CN, but not in g-CN, 

demonstrating the existence of NiO in those three samples. More 
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importantly, when enlarging the figure in the range of 960-1110 nm-1 

(Figure 4.8c), a small sharp peak at ~1045 nm-1 for C-O bond can only be 

found in NiO QDs-g-CN and NiO NPs-g-CN, but not in the other two 

samples, which complementarily proves the conclusion in XPS spectrum, 

that is the C-O bond only exists in NiO QDs-g-CN and NiO NPs-g-CN, 

but not in g-CN and NiO QDs@g-CN. 

 

 

Figure 4.8 FTIR spectrum of g-CN, NiO QDs@g-CN, NiO QDs-g-CN 

and NiO NPs-g-CN. 

4.3.2 Optical properties and bandstructure 

UV-vis DRS was used to study the optical absorption and band structure 

of NiO QDs, g-CN, 9 wt% NiO QDs@g-CN, 9 wt% NiO QDs-g-CN and 

9 wt% NiO NPs-g-CN. NiO QDs mainly absorb UV lights (Figure 4.9a), 

and the bandgap is 3.15 eV (Figure 4.9b), which is in the range of wide 

bandgap, consistent with previous reports[38,45]. NiO QDs@g-CN and 

NiO QDs-g-CN have an appreciable absorption increase in both the 

visible and ultraviolet regions than g-CN (Figure 4.9a). Only a mild 
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difference can be seen for NiO QDs@g-CN and NiO QDs-g-CN, 

indicating that the formation of the C-O bond in NiO QDs-g-CN does not 

significantly influence the optical property of the materials. This is 

perhaps because the formed C-O bonds appear mainly in the interfaces 

between g-CN and NiO QDs rather than their outside surfaces, which 

directly interact with photons. According to Kubelka-Munk theory, the 

bandgap energy was calculated as displayed in Figure 4.9b. Only a slight 

change can be found between g-CN (2.58 eV) and NiO QDs-g-CN (2.56 

eV), while no difference was observed between NiO QDs@g-CN and NiO 

QDs-g-CN. For comparison, a little more absorption can be found for 9 

wt% NiO NPs-g-CN in the range of 450 - 800 nm, and it has an obvious 

smaller bandgap of 2.47 eV. 

 

Mott-Schottky (M-S) measurements were further conducted to determine 

the flat band potential values as well as the electronic band structure, using 

Equation 4.2. 

 

1/C2= (2/εrε0eNdA
2) [(V-Vfb)-kT/e]        Eq. 4.2 

 

Where Vfb (the flat band potential) can be obtained from the intercept of 

the plot tangents on X-axis when plotting 1/C2 (C is the specific capacity) 

versus V (V is the applied potential). 
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Figure 4.9 a) UV-vis diffuse reflectance spectra and b) plots of (αhν) 1/2 

versus bandgap energy (hν) of g-CN, NiO QDs, 9 wt% NiO QDs@g-CN, 

9 wt% NiO QDs-g-CN and 9 wt% NiO NPs-g-CN.  

 

The positive slopes of the tangent lines in Figure 4.10a indicate that both 

g-CN and NiO QDs-g-CN are n-type semiconductors, for which the 

lowest potential of the conduction band (CB) can be extremely close to its 

flat-band potential. The flat band potential of NiO QDs-g-CN was 

calculated to be -1.11 V vs. SHE, the same as that of g-CN. From the UV-

vis spectra and M-S tests, the valence band of 9 wt% NiO QDs-g-CN can 

be calculated to be 1.45 V vs. SHE, with CB of -1.11 V vs. SHE and 

bandgap energy of 2.56 eV, showing a slight change of the band structure 

(Figure 4.10b) after loading of NiO QDs.  
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Figure 4.10 a) Mott-Schottky curves of g-CN and 9 wt% NiO QDs-g-CN. 

b) Energy band structures of g-CN and 9 wt% NiO QDs-g-CN. c) PL 

spectra of g-CN, 9 wt% NiO QDs@g-CN, 9 wt% NiO QDs-g-CN and 9 

wt% NiO NPs-g-CN. 

 

Photoluminescence (PL) was performed to investigate the charge carrier 

separation, transfer, and recombination in g-CN, 9 wt% NiO QDs@g-CN, 

9 wt% NiO QDs-g-CN and 9 wt% NiO NPs-g-CN (Figure 4.10c). All the 

photocatalysts exhibit similar emission trends at an excitation wavelength 

of 350 nm. The main emission peaks are centred at about 700 nm due to 

the recombination of the photoexcited electron-hole pairs derived from the 

intrinsic HOMO–LUMO transition. In terms of peak intensity, the order 

is g-CN > 9 wt% NiO QDs@g-CN > 9 wt% NiO NPs-g-CN > 9 wt% NiO 

QDs-g-CN. This observation indicates that both the addition of NiO QDs 

and NiO NPs can effectively promote the efficient charge transfer of g-

CN, suppressing the recombination of photogenerated electrons and holes. 

More importantly, compared to 9 wt% NiO QDs@g-CN, the significantly 

lowered PL intensity of 9 wt% NiO QDs-g-CN should be due to the 

photoinduced C-O bond which favours electron transfer from g-CN to 
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NiO QDs. Lastly, the weaker intensity of 9 wt% NiO QDs-g-CN than that 

of 9 wt% NiO NPs-g-CN can be owing to the much larger interface 

between g-CN and NiO QDs of the former than the latter. 

4.3.3 PC-HER activity and thermophoto HER 

PC-HER tests were carried out on NiO QDs, g-CN and NiO QDs-g-CN 

with different NiO loading ratios. Figures 4.11a and b show that the NiO 

QD itself does not have the ability for PC-HER, which is consistent with 

its wide bandgap. For other samples, with the increasing content of NiO 

QDs, hydrogen production rate firstly increases and then decreases. At 9 

wt%, NiO QDs-g-CN reaches the best performance at 130 μmol·g-1·h-1, 

about 11 times as high as that of pristine g-CN (12 μmol·g-1·h-1). This 

performance is among the top level of nickel-based cocatalysts decorated 

g-CN (Table 4.1), and the apparent quantum efficiency was also tested to 

be 0.7% under 420 nm light source. These results indicate that the addition 

of NiO QDs can significantly improve the photocatalytic ability of g-CN, 

but excessive loading of NiO QDs will reduce PC-HER performance. The 

stability tests of 9 wt% NiO QDs-g-CN in a 36-h photocatalytic run with 

4-h intermittence present a 20% decrease of PC-HER rate after nine 

recycling runs (Figure 4.11c). TEM reveals that no apparent 

morphological change occurred on the catalyst before and after PC-HER 

tests (Figure 4.12). The loss of activity might be attributed to the photo-
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corrosion of g-CN by photoinduced holes during the reaction process[52]. 

The PC-HER activities of 9 wt% NiO QDs-g-CN, 9 wt% NiO QDs@g-

CN and 9 wt% NiO NPs-g-CN were also compared (Figure 4.11d). The 9 

wt% NiO QDs@g-CN has an upshifting HER rate due to the formation of 

the C-O bond as described above. The dramatically higher HER ability of 

9 wt% NiO QDs-g-CN in contrast to 9 wt% NiO QDs@g-CN evidently 

strengthens the significance of chemical bonding of the heterojunctions. 

The HER rate of 9 wt% NiO NPs-g-CN is 74 μmol·g-1·h-1, ~ 55% of that 

on 9 wt% NiO QDs-g-CN, adequately demonstrating that NiO QDs 

facilitate PC-HER with much higher efficiency than NiO NPs as a 

cocatalyst.  
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Figure 4.11 a) Photocatalytic activity for H2 evolution and b) average 

photocatalytic H2 evolution rate over different samples under simulated 

solar light irradiations. c) The cycle runs for the photocatalytic H2 

evolution on 9 wt% NiO QDs-g-CN. d) Photocatalytic activity of H2 

evolution over g-CN, 9 wt% NiO QDs-g-CN, 9 wt% NiO QDs@g-CN, 

and 9 wt% NiO NPs-g-CN under simulated visible light irradiations. 
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Table 4.1 Photocatalytic HER activities of graphitic carbon nitride 

modified with nickel-based cocatalysts. 

Photocatalyst 

Amount 

of photo-

catalysts 

(mg) 

Cocatalyst 
Optimum 

loading 

Hydrogen 

Evolution 

(μmol.h-1.g-1) 

Reference 

Ni(OH)2/g-C3N4 50 Ni(OH)2 0.5 mol% 152 [53] 

NiS2/g-C3N4 10 NiS2 2 wt% 406 [54] 

Ni(dmgH)2/g-C3N4 5 Ni(dmgH)2 3.5 wt% 236 [55] 

Ni/NiO/g-C3N4 50 Ni/NiO 2.0 wt% 200 [56] 

NiO/g-C3N4 50 Amorhors NiO 9 wt% 68.8 [57] 

NiO/g-C3N4 40 NiO nanoparticles -- 82.9 [58] 

NiO QDs-g-C3N4 50 NiO quantum dots 9 wt% 130 This work 

 

 

Figure 4.12 TEM images of 9 wt% NiO QDs-g-CN a) before and b) after 

reactions. 

 

In addition, thermophotocatalytic HER measurements were conducted 

over 9 wt% NiO QDs-g-CN (Figure 4.13a). The HER rate increased 



164 
 

almost linearly with a temperature increase from 25 to 55 °C, reaching 

260.2 μmol·g-1·h-1 at 55 °C, which is nearly doubling the value at 25 °C. 

The increased rate of g-CN at the temperature of 55 °C, however, is only 

1.25 times as high as that at 25 °C (Figure 4.13b), reflecting the eminent 

thermophoto performance of NiO QDs-g-CN. Afterwards, the stability 

test of 9 wt% NiO QDs-g-CN at 55 °C was carried out. After three-cycle 

runs (Figure 4.13c), a small loss can be found for the efficiency, which 

should result from minor agglomeration of NiO QDs, as shown in Figure 

4.14a. No distinct change of 9 wt% NiO QDs-g-CN in UV-vis DRS test 

of before and after using at 55 °C (Figure 4.14b) also shows that it is 

relatively stable at this temperature. 

 

 

Figure 4.13 Thermophoto H2 evolution of a) 9 wt% NiO QDs-g-CN and 

b) g-CN at different temperatures. c) Cycle runs for thermophotocatalytic 

H2 evolution on 9 wt% NiO QDs-g-CN at 55 oC. 
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Figure 4.14 a) TEM image of used 9 wt% NiO QDs-g-CN at 55 oC. b) 

UV-vis diffuse reflectance spectra of 9 wt% NiO QDs-g-CN before and 

after use at 55 °C. 

4.3.4 PC-HER and thermophoto HER mechanism 

In order to clarify the mechanism, we firstly conducted tests of 

electrochemical impedance spectroscopy (EIS) of g-CN, 9 wt% NiO NPs-

g-CN, 9 wt% NiO QDs@g-CN and 9 wt% NiO QDs-g-CN. As shown in 

Figure 4.15a, the Nyquist plot of g-CN shows a longer diameter than the 

other three NiO-loaded samples, indicating that the introduction of NiO 

led to a decreased resistance in the solid-state interface layer and a faster 

charge transfer in those composites. The shorter diameter of 9 wt% NiO 

QDs-g-CN than that of 9 wt% NiO QDs@g-CN can be attributed to the 

formation of C-O single bond between g-CN and NiO QDs, while the 

difference between 9 wt% NiO QDs-g-CN and 9 wt% NiO NPs-g-CN can 

be owing to the quantum confinement effect of NiO QDs, since with the 
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same amount of NiO, quantum size can dramatically increase the interface 

between NiO and g-CN, leading to faster charge transfer from g-CN 

towards NiO. These advantages of 9 wt% NiO QDs-g-CN will contribute 

to the suppression of charge recombination and a higher PC activity, which 

has been demonstrated in the PC-HER results. 

 

 

Figure 4.15 Electrochemical characterisations. a) Nyquist plots of 

electrochemical impedance spectroscopy (EIS), b) polarisation curves and 

c) transient photocurrents of g-CN, 9 wt% NiO QDs@g-CN, 9 wt% NiO 

QDs-g-CN and 9 wt% NiO NPs-g-CN. 

 

Electrochemical (EC) polarisation curves (Figure 4.15b) depict the 

electrocatalytic HER activity for g-CN and NiO QDs-g-CN, showing a 

significant cathodic current in a range of 0.1 – -0.8 V (versus RHE). The 

HER performance of the catalysts from the worst to the best can be ranked 

as below: g-CN < 9 wt% NiO QDs@g-CN < 9 wt% NiO NPs-g-CN < 9 

wt% NiO QDs-g-CN, with onset potentials of -0.22, -0.17, -0.09 and -0.04 

V vs RHE, respectively. The results suggest that 1) NiO plays a key role 

in decreasing the onset potential and increasing EC efficiency by acting as 
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an active site; 2) C-O single bond on NiO QDs-g-CN has a lower 

activation barrier for H2 evolution than NiO QDs@g-CN; and 3) Improved 

kinetics of NiO QDs-g-CN as compared to that of NiO NPs-g-CN should 

be resulted from the quantum effect of NiO, which is because quantum 

sized NiO can provide more active sites than NiO NPs under the same 

amount.  

 

Furthermore, the photoelectrochemical properties were studied on those 

four samples to explore the inherent mechanism of enhanced charge 

carrier separation and transportation. The photocurrent I-t curves for those 

samples were acquired under intermittent simulated sunlight (Figure 

4.15c). Similar to the results of EIS and LSV, the I-t order of these samples 

from superior to inferior is also NiO QDs-g-CN, NiO NPs-g-CN, NiO 

QDs@g-CN and g-CN. This data indicates that NiO QDs can better 

promote the interfacial charge transfer with the g-CN than NiO NPs, 

which could also result from the larger interfacial face between g-CN and 

NiO QDs than that between g-CN and NiO NPs. Besides, the comparison 

of NiO QDs-g-CN and NiO QDs@g-CN proves the formed C-O bonds in 

NiO QDs-g-CN can help boost the charge transfer via interfaces as well.  
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Figure 4.16 a) Nyquist plots of electrochemical impedance spectroscopy 

(EIS) for g-CN (CN) and 9 wt% NiO QDs-g-CN (NCN) under different 

temperatures, b) Mechanism of NiO QDs-g-CN under different 

temperatures. 

 

EIS of 9 wt% NiO QDs-g-CN and g-CN at different temperatures was also 

obtained to unveil the mechanism of the enhanced thermophotocatalytic 

HER performance. Figure 4.16a shows that, with a temperature increase, 

the diameters of EIS curves of g-CN and NiO QDs-g-CN reduce. More 

importantly, the diameter of EIS of NiO QDs-g-CN changes rapidly with 

the temperature, suggesting the more thermal sensitivity of NiO. The 

electrochemical impedance of NiO remarkably lessens with the increasing 

temperature[41]. Hence, more electrons can be effectively transferred to 

NiO QDs as the temperature increases, resulting in the better 

thermophotocatalytic HER performance of NiO QDs-g-CN. 

 

The mechanisms of PC-HER and thermophoto HER over NiO QDs-g-CN 

are then illustrated in Scheme 4.2 and Figure 4.16b, respectively. The 
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conduction band (CB) and valence band (VB) energies of g-CN are -1.11 

and 1.45 V vs SHE, respectively, with a bandgap energy of 2.56 eV (Figure 

4.10b). Under photo illumination, excited electrons of the g-CN jump 

from the VB towards the CB, and then are transferred to the active sites, 

i.e. NiO QDs, via the C-O bond through the intimate contact interface. The 

separated electrons will then combine with H+ to evolve H2, while the 

holes would be consumed by the sacrificial agent, methanol. In all these 

processes, no electrons of NiO can be excited because of its wide band 

structure. As a result, NiO QDs only act as a medium station for electrons, 

which can help inhibit the recombination of photoinduced electrons and 

holes. Besides, temperature rising results in a much better conductivity of 

NiO QDs-g-CN because of the thermal sensitivity of NiO, leading to more 

photogenerated electrons transferred from g-CN to NiO QDs, and 

eventually towards H+ to H2. 

 

In brief, the reduced electrochemical impedance and lowered 

overpotential, induced by the C-O bond between g-CN and NiO QDs, and 

the quantum confinement effect of NiO QDs mainly account for the 

enhanced PC-HER performance. Meanwhile, the increased electron 

transferability of the composite with the elevated temperature, based on 

the thermal sensitivity of NiO, is mainly responsible for the improved 

thermophoto HER performance. Besides, the uplifted photo absorbance 
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and the decreased bandgap of NiO QDs-g-CN also facilitate the PC-HER 

efficiency.  

 

 

Scheme 4.2 Mechanism of NiO QDs-g-CN for photocatalytic HER. 

 stands for g-CN,  NiO QD,  methanol,  CO2,  H2O,  

H+, and  H2.  

 

Overall, the increase in HER rate goes through four stages, as shown in 

Scheme 4.3. In stage 2, the addition of NiO QDs slightly facilitates the 

PC-HER performance by improving both electrical and optical properties 

of the material, g-CN, while in stage 3, the photoinduced C-O bond is 

mainly responsible for the enhancement of PC-HER, via impacting the 

material’s electrical property rather than optical property. And then, the 

HER rate achieves the best at 55 °C in stage 4, attributing to the thermal 

sensitivity of nickel oxide. Therefore, the synergy of NiO QDs and 

temperature help boost HER performance to a large extent. 
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Scheme 4.3 The HER rate increase processes on NiO QDs-g-CN. 

4 Conclusions 

NiO QDs-g-CN was synthesised by a refluxing and photo-illumination 

method and utilised in PC-HER and thermophoto HER, showing excellent 

performances. Specially, C-O single bond was formed between g-CN and 

NiO QDs in photo illumination. The enhanced PC-HER performance is 

mainly attributed to the lowered HER overpotential barriers and the 

enhanced electrical conductivity, which are deeply owing to the emerging 

C-O single bond and the quantum size effect of NiO QDs. Besides, the 

improved light absorbance and narrowed bandgap of NiO QDs-g-CN also 

contribute to the enhanced HER performances. The photoinduced C-O 

bond is the key for the enhancement in PC-HER process, via impacting 

the material’s electrical property rather than optical property. Enhanced 

thermophoto HER was observed as well and can be ascribed to the 
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significantly increased electrical conductivity of NiO QDs-g-CN. 

Therefore, NiO QDs and temperature synergistically boost the PC-HER 

performance of g-CN. This work suggests that chemical bonding is critical 

for effective heterostructures, and the thermal sensitivity influences 

thermophoto HER process. 
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Chapter 5 Solar-heat-assisted single-atom catalysis for 

photocatalytic hydrogen evolution 

Abstract  

In the last Chapter, g-C3N4 based composite photocatalysts were obtained 

and tested in photocatalytic hydrogen evolution reaction (PC-HER). In 

this Chapter, we focused our attention on g-C3N4 based single-atom 

catalysis for PC-HER. It is noticeable that in PC-HER, the high cost of 

noble-metal-nanoparticle based cocatalysts and their agglomeration under 

solar heat (infrared) are severely impeding the practical PC-HER 

application. Herein, low-cost single-atom metal modified graphitic carbon 

nitride (g-CN) was synthesized and utilized in PC-HER and solar-heat-

assisted PC-HER processes, where excellent performances were acquired. 

In PC-HER, profiting from the compromising ΔGH* of SAAg-g-CN (No. 

40 and 52 nitrogen atoms) between Ag and g-CN, the HER rate of 1 wt% 

SAAg-g-CN reaches 248 μmol·h-1·g-1, 30.6 times higher than that of g-

CN, 7.3 times higher than Ag nanoparticles decorated g-CN (AgNP-g-

CN), and 3.0 times higher than Pt nanoparticles modified g-CN (PtNP-g-

CN). More critically, descending HER performance was observed for 

nanoparticle-based cocatalysts modified g-CN in solar-heat-assisted PC-

HER with the temperature rising; however, the HER rate of SAAg-g-CN 

increases with increasing reaction temperature. The HER rate of 1 wt% 
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SAAg-g-CN at 55 °C (498 μmol·h-1·g-1) was even doubled as compared 

to that at 25 °C. This should be ascribed to the distinct structure of Ag 

single atoms. This work underlines the outstanding performance of single-

atom catalysis originating from its unique structure, active sites, and 

photothermal stability. It provides an approach for overcoming 

nanoparticle agglomeration with temperature, and thus, to exploit solar 

heat effect (infrared) in PC-HER processes. 

5.1 Introduction 

Since the Honda-Fujishima effect was first discovered in 1972,[1] 

photocatalytic (PC) hydrogen evolution reaction (HER) via water splitting 

has been a research hotspot for about five decades.[2–6] However, its 

industrial application is still severely hampered by some major issues. One 

of them is the high cost of noble-metal based cocatalysts. It is known that 

a cocatalyst is almost indispensable for PC-HER, because of its function 

of inhibiting the recombination of photogenerated electron-hole pairs and 

providing active sites for reactants.[7–9] One of the most important 

parameters of the cocatalysts for effective HER is the Gibbs free energy 

of the intermediate state (ΔGH*),[10,11], which should be close to zero.[9] 

So far, platinum has been the best cocatalyst possessing a ΔGH* of only -

0.09 eV.[12] However, the scarcity and high cost of Pt limit its practical 

and industrial applications.[13,14] Thus, searching for other low-cost 
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alternatives with favorable ΔGH* has become a grand challenge. However, 

Cu, Ag, Co, and Ni, with only 1% to even 1‰ cost of Pt, have the inferior 

co-catalytic ability for PC-HER due to their low-grade ΔGH* (Cu, 0.19 eV; 

Ag, 0.51 eV; Co, -0.27 eV; Ni, -0.27 eV).[15] It was expected that single-

atom catalysis (SAC) might offer a solution. First, extreme diffusion can 

maximize active sites and advance atomic efficiency to the highest 

level.[16–21] Secondly, single-atom cocatalysts promote the reactions 

following different mechanisms compared with nanoparticle 

cocatalysts.[22–26] It is intriguing to explore the changes in ΔGH* after a 

single-atom cocatalyst is combined with the main catalyst. 

 

Another challenging task of PC-HER is the exploitation of solar heat. In 

solar-energy-driven photocatalysis, over 43% of the solar spectrum in the 

infrared region is almost useless for the excitement of photo electron-hole 

pairs because of the low photon energy.[27] However, the infrared 

radiation induces the thermal effect in raising the reaction temperature in 

photocatalytic processes.[28] As indicated before, we found that, with a 

Xenon lamp, the reactor temperature increased from 25 to 57 °C after 4 h 

irradiations (Refer to Figure 3.1). Hence, it is feasible and highly 

beneficial to incorporate the thermal effect in a photocatalyst system. 

However, severe nanoparticle agglomeration with temperature can be 

detrimental to the reaction efficiency.[29–32] For instance, Esmailpour et 
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al. reported that the agglomerate size increases with higher temperature, 

unfavorable for fluidization.[33] Kister et al. found that Au nanoparticles 

grow according to temperature, apparently reducing atomic efficiency.[34] 

Accordingly, this issue will impede the use of solar heat. In most PC-HER 

experiments, cooling water is applied to keep the solution temperature 

constantly at 25 °C to avoid issues, which is quite uneconomic and 

unrealistic for the industrial level. Therefore, looking for strategies to 

overcome agglomeration and making use of solar heat in PC-HER are 

highly in demand. Single-atom cocatalysts may again offer a solution 

since chemical bond-based integration is often formed in SAC,[16–19,21] 

leading to a dense combination with the main catalyst, which may 

eliminate the chance of agglomeration and facilitate the use of solar heat. 

 

Therefore, single-atom Cu, Ag, Ni, and Co are considered to be combined 

with graphitic carbon nitride, which is of feasible synthesis, proper band 

structure, nontoxicity, and chemical stability.[35–39] What is more, the 

six-fold cavity in its structure provides an ideal position for the loading of 

single atom cocatalysts.[40–43]  

 

Herein, we fabricated single atom, Cu, Ag, Ni, and Co, modified g-CN via 

a facile two-step pyrolysis method and evaluated their performances in 

PC-HER processes. Single-atom Ag modified g-CN (denoted as SAAg-g-
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CN) showed excellent performance, and the PC-HER rate even tripled that 

of Pt nanoparticles (NPs) decorated g-CN. Density functional theory (DFT) 

calculations revealed that, unlike NP cocatalysts, the SAAg cocatalyst 

does not directly serve as the active sites for PC-HER. Instead, it functions 

by escalating the ΔGH* of No. 40 and No. 52 nitrogen atoms of g-CN. 

More importantly, SAC and NP photocatalysts were for the first time 

compared in the temperature based solar-heat-assisted PC-HER. The 

significantly enhanced performance of SAAg-g-CN with temperature is 

distinct from the descending trend with metal NP cocatalyst. This can be 

owing to its intrinsic N-Ag bonding based structure, which was illustrated 

by X-ray absorption near-edge structure (XANES), extended X-ray 

absorption fine structure (EXAFS), combined with DFT calculations. 

5.2 Methods 

5.2.1 Chemicals and materials  

Cupric (II) acetylacetonate (C10H14CuO4), silver acetylacetonate 

(C5H7AgO2), nickel (II) acetylacetonate (C10H14NiO4), cobalt (II) 

acetylacetonate (C10H14CoO4), dicyandiamide (C2H4N4, DCD), acetone, 

ethanol, ethylene glycol (EG), chloroplatinic acid, sodium sulfate and 

methanol were supplied by Sigma-Aldrich, Australia. The DCD was used 

after finely ground into fine powders with ball mill for 2 h. All the other 



187 
 

reagents were used directly without any further purification.  

5.2.2 Fabrication of catalysts 

Synthesis of g-C3N4 (g-CN): DCD (10 g) was annealed for 7 h at 665 ºC 

under an Ar flow of 50 mL·min-1. It was noted as g-CN after being 

carefully ground into fine powders. 

 

Synthesis of single atom Ag modified g-CN (SAAg-g-CN): C5H7AgO2 

(C10H14CuO4 for SACu-g-CN, C10H14NiO4 for SANi-g-CN, or 

C10H14CoO4 for SACo-g-CN) was sonicated for 2 h in the solution of 

acetone and ethanol (volume ratio 1:1). Then DCD fine powder was added 

into the above solution with a mass ratio of 1:200 (C5H7AgO2 : DCD, 1.0 

wt% SAAg-g-CN), and then the mixture was uniformly ground to dry 

powders. Subsequently, the mixture was heated at 350 ºC for 3 h with Ar 

passing through the reaction chamber at a flow rate of 50 mL·min-1. 

Afterwards, the purple bulk was ground finely for 1 h, prior to annealing 

for 7 h at 665 ºC under the Ar flow.  
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Scheme 5.1 Schematic illustration of a two-step pyrolysis route for SAAg-

g-CN synthesis. 

 

Synthesis of Ag nanoparticles-g-CN (AgNP-g-CN): Firstly, pure g-CN 

was synthesized by the condensation method at 665 ºC under Ar without 

the introduction of C5H7AgO2, and then AgNP-g-CN was synthesized 

through a microwave method reported previously.[44] Briefly, the g-CN 

was mixed with C5H7AgO2 in ethanol and acetone solution, which was 

then transferred into EG. Subsequently, the solution was sonicated for 1 h 

before being placed in a microwave oven (1000 W) and heated for 2 min. 

The as-synthesized products were filtrated, washed, and then dried at 100 

ºC for 10 h. 

 

Synthesis of PtNP-g-CN: Firstly, the prepared g-CN was ground and put 

into the mixed solution of methanol and deionized water (1:3). The 

chloroplatinic acid aqueous solution was added, and the whole system was 

illuminated with a 300 W Xenon lamp for 30 min. The as-synthesized 

products were filtrated and washed, followed by drying at 100 ºC for 10 h. 
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5.2.3 Characterization techniques 

Scanning electron microscopy (SEM) was conducted on an FEI Verios 

XHR SEM microscope. Transmission electron microscopy (TEM) and 

high angle annular dark-field scanning TEM (HAADF-STEM) images 

with elemental mapping were collected on a Titan G2 60-300 at 80 kV. 

The annular dark-field images (ADF) were received using a 

NionUltraSTEM100 microscope operated at 60 kV at a beam current of 

60 pA. Powder X-ray diffraction (PXRD) patterns were measured on an 

Empyrean multipurpose research diffractometer (Panalytical Empyrean 

XRD) utilizing Cu Kα radiation (λ = 1.5418 Å) with a current of 40 mA 

and a voltage of 40 kV. X-ray photoelectron spectroscopy (XPS) was 

obtained on a Thermo Escalab 250 with an Al Kα X-ray to determine the 

chemical states of the elements. UV–vis diffuse reflectance spectra (DRS) 

were carried out on an Agilent Cary 100 UV–vis spectrophotometer 

equipped with an integrated sphere attachment. Photoluminescence (PL) 

spectra of the samples were received on a Cary Eclipse Fluorescence 

Spectrophotometer (Agilent, US). 

5.2.4 Photoelectrochemical tests 

Electrochemical impedance spectroscopy (EIS) measurements were 

conducted on a Zennium electrochemical workstation (Zahner, Germany) 

in a standard three-electrode framework with a 0.05 M Na2SO4 (pH = 6.8) 
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electrolyte solution, employing a Pt wire as the counter electrode and an 

Ag/AgCl electrode as the reference electrode. As for the photoanode, the 

sample film was fabricated on fluorine-doped tin oxide (FTO) glasses, 

which were ultrasonicated in DI water, acetone and ethanol for 15 min in 

sequence, and then dried at 60 °C. To be specific, 8 mg of the catalyst was 

mixed with 500 μL of absolute ethanol and 25 μL of Nafion solution 

homogeneously. The obtained slurry was then dropped onto the pre-

treated FTO glass via a spin-coating method, and the prepared electrode 

was dried at 100 °C for 24 h (catalyst loading ∼0.60 mg·cm-2). 

5.2.5 Photocatalytic activity evaluation 

Photocatalytic H2 production experiments were conducted in a customized 

stainless-steel reactor covered with a quartz window at ambient 

temperature. A 300 W Xeon lamp (Newport) was used as the light source. 

Water circulation system was supplied to keep the temperature at 25 °C. 

Typically, 50 mg photocatalyst was dispersed in a mixed solution (120 mL) 

containing DI water (90 mL) and methanol (30 mL). Prior to the 

irradiations, the suspensions were vigorously stirred in dark for 30 min, 

and the reaction vessel was degassed by purging with N2 at the same time 

to maintain the anaerobic conditions. The produced H2 was analyzed in 

situ by a gas chromatograph (Agilent 490 Micro GC) using a thermal 

conductivity detector. 
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5.2.6 Temperature based solar-heat-assisted photocatalytic activity 

evaluation 

For the investigation of solar-heat-assisted photocatalytic activity of 

SAAg-g-CN, the reaction solution was controlled at 25, 35, 45, and 55 °C 

by the cooperation of a heating plate and a circulating water system. After 

one hour of irradiation in the reactor, the produced H2 was sent to the GC 

for detection.  

5.2.7 Calculation methods 

The geometry optimization, as well as the electronic calculation of the 

simulated models, were computed with DFT using the projected 

augmented wave[45] (PAW) approach.[46–48] The exchange and 

correlation potential were analyzed by a generalized gradient 

approximation of the Perdew-Burke-Ernzerhof (PBE).[49] The plane-

wave cut-off energy for all the calculations is set to be 400 eV. The 

convergence criterion for electronic structure iteration was set to be 1 × 

10-4 eV, and the structural optimization would be terminated by relaxing 

all atomic positions using the conjugate gradient algorithm until all forces 

were smaller than 0.03 eV/Å. Polarization effect was considered in all the 

cases. The k-space was sampled with gamma cantered at 2×2×1 for 

SAAg-g-CN. The van der Waals (vdW) corrections were considered using 

the DFT-D3 method.[50]  
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The Gibbs free energy of hydrogen adsorption state (∆GH*) can be 

estimated as 

∆𝐺𝐻∗ = ∆𝐸𝐻∗ + ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆           Eq. 5.1 

where ΔEH* is the hydrogen chemisorption energy, and ΔEZPE is the 

difference corresponding to the zero-point energy between the adsorbed 

state and the gas phase. As the vibrational entropy of H* in the adsorbed 

state is small, the entropy of adsorption of ½ H2 is ΔSH ≈ -1/2 S0
H2, 

where S0
H2 is the entropy of H2 in the gas phase at the standard condition 

(T=300K, 1 atm). Therefore, the overall corrections are taken as Eq.5 

2.[15,20,51] ∆𝐸𝐻∗ is the binding energy of H intermediate as estimated 

below (Eq 5.3). The free-energy barriers for hydrogen evolution on the Pt 

(111), Cu(111), Au (111) and Ag (111) surface were adopted from a 

previous study.[51]  

  ∆𝐺𝐻∗ = ∆𝐸𝐻∗ +  0.24 𝑒𝑉            Eq. 5.2 

∆𝐸𝐻∗ = 𝐸𝑠𝑙𝑎𝑏+𝐻 − 𝐸𝑠𝑙𝑎𝑏 + 1/2𝐸𝐻2         Eq. 5.3 

5.3 Results and Discussion 

Cu, Ag, Ni, and Co modified g-CN samples were respectively synthesized 

by a two-step pyrolysis method. Take the SAAg-g-CN as an example. The 

typical synthesis is shown in Scheme 5.1. The precursors of SAAg (silver 

acetylacetonate) and g-CN (dicyandiamide, denoted as DCD) were first 
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well dispersed. Then the two-step pyrolysis processes were conducted 

with an Ar flow at different temperatures. In the PC-HER tests, SAAg-g-

CN proved a prominent performance, while others did not show any 

enhancement compared to g-CN (Figure 5.1a). Therefore, the following 

studies focused on SAAg-g-CN. 

 

 

Figure 5.1 a, H2 evolution rate of 1 wt% SAAg-g-CN, 1 wt% SACu-g-

CN, 1 wt% SANi-g-CN, 1 wt% SACo-g-CN, and pure g-CN. b, XRD 

patterns of SAAg-g-CN with different ratios and pure g-CN. 

 

The metal contents of the SAAg-g-CN samples were determined by an 

inductively coupled plasma atomic emission spectrometer (ICP-AES). 

The prepared materials were also analyzed by a variety of 

characterizations. X-ray diffraction (XRD) patterns of SAAg-g-CN with 

different Ag ratios and pure g-CN are shown in Figure 5.1b. The 

modification of g-CN with SAAg exerts no apparent influence on the 
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XRD peaks of g-CN, because of the low content of SAAg. The XRD peak 

of Ag was not found in SAAg-g-CN samples, indicating no apparent Ag 

nanoparticles attached on the g-CN sheets. The images of SEM (Figure 

5.2a), TEM (Figure 5.2b) and high angle annular dark-field scanning TEM 

(HAADF-STEM, Figure 5.2c) of 1 wt% SAAg-g-CN show that a layered 

structure was fabricated with no Ag nanoparticles (NPs) attached on the 

surface of the sample. High-resolution TEM (HRTEM) image (Figure 

5.2d), same as the red frame region from Figure 5.2b, further shows no 

metal aggregation on the as-synthesized material. The inset of energy 

dispersive X-ray (EDX) spectrum and HAADF-STEM image with 

corresponding elemental mapping images (Figure 5.2e) confirm the 

presence of carbon, nitrogen, and silver with the even distribution of the 

Ag element on the g-CN substrate. Moreover, the atomic dispersion of Ag 

atoms is revealed by aberration-corrected scanning transmission electron 

microscopy (AC-STEM) (Figure 5.2f), which displays the bright dots, 

corresponding to Ag atoms, are dispersed throughout the g-CN. 
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Figure 5.2 Morphological characterizations of 1 wt% SAAg-g-CN. a, 

SEM image. b, TEM image. c, HAADF-STEM image. d, HRTEM image, 

inset showing the EDX spectroscopy. e, the element maps showing the 

distribution of carbon (red), nitrogen (blue) and silver (yellow). f, AC-

STEM annular dark-field (ADF) image. 

 

The structure of SAAg-g-CN was investigated by both experimental and 

computational techniques. In the optimized DFT framework (Figure 5.3a), 

single-atom Ag is trapped in the cavity of g-CN with N-Ag bonds at a 

length of ~ 2.408 Å. Electrons are extracted from the Ag atom and to 

accumulate in nitrogen atoms near silver, as shown in the charge density 

distribution image (Figure 5.3b). The charge changes of each atom on both 

SAAg-g-CN and g-CN are listed in Table 5.1 (atom numbers shown in 

Figure 5.4) and 5.2 (atom numbers in Figure 5.5). The valence of Ag atom 
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as displayed in Table 5.1 is +0.6443 (the adverse of the net charge). 

  

 

Figure 5.3 a, An optimal structure of SAAg-g-CN. b, Charge density 

difference of SAAg-g-CN. The yellow and cyan areas represent the 

electron accumulated and depleted regions, respectively. The iso-surface 

value was set as 0.001 e/Å3. 

 

Table 5.1 Detailed data of each atom charge and net charge of SAAg-g-

CN. (“-” represents “losing electrons”) 

Atomic number Charge Net Charge 

1 2.45 -1.55 

2 2.74 -1.25 

3 2.61 -1.38 

4 2.65 -1.35 
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5 2.53 -1.46 

6 2.52 -1.47 

7 2.50 -1.49 

8 2.32 -1.67 

9 2.49 -1.50 

10 2.46 -1.54 

11 2.37 -1.63 

12 2.32 -1.68 

13 2.48 -1.52 

14 2.49 -1.51 

15 2.48 -1.52 

16 2.30 -1.69 

17 2.50 -1.50 

18 2.32 -1.67 

19 2.47 -1.53 

20 2.29 -1.70 

21 2.46 -1.54 

22 2.44 -1.55 

23 2.45 -1.55 

24 2.57 -1.43 

25 6.08 1.08 

26 6.07 1.07 



198 
 

27 6.05 1.05 

28 6.07 1.07 

29 6.17 1.18 

30 6.04 1.05 

31 6.00 1.00 

32 6.27 1.27 

33 6.15 1.15 

34 6.26 1.26 

35 6.19 1.19 

36 6.28 1.28 

37 6.18 1.18 

38 5.94 0.94 

39 6.15 1.15 

40 6.16 1.16 

41 6.07 1.07 

42 6.19 1.19 

43 6.34 1.34 

44 6.22 1.22 

45 6.12 1.12 

46 6.29 1.29 

47 6.21 1.21 

48 6.14 1.14 



199 
 

49 6.18 1.18 

50 6.28 1.28 

51 6.27 1.27 

52 6.18 1.18 

53 6.12 1.12 

54 6.21 1.21 

55 6.22 1.22 

56 6.15 1.15 

57 10.36 -0.64 

 

 

Figure 5.4 Atomic numbers of SAAg-g-CN for Table 5.1. 
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Table 5.2 Detailed data of each atom charge and net charge of g-CN. (“-” 

represents “losing electrons”) 

Atomic number Charge Net Charge 

1 2.71 -1.28 

2 2.71 -1.28 

3 2.72 -1.28 

4 2.72 -1.28 

5 2.52 -1.48 

6 2.52 -1.48 

7 2.52 -1.48 

8 2.52 -1.48 

9 2.46 -1.54 

10 2.46 -1.54 

11 2.46 -1.54 

12 2.46 -1.54 

13 2.49 -1.51 

14 2.49 -1.51 

15 2.49 -1.51 

16 2.49 -1.51 

17 2.35 -1.65 

18 2.35 -1.65 

19 2.35 -1.65 
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20 2.35 -1.65 

21 2.57 -1.43 

22 2.57 -1.43 

23 2.57 -1.43 

24 2.57 -1.43 

25 6.05 1.05 

26 6.05 1.05 

27 6.05 1.05 

28 6.05 1.05 

29 6.06 1.06 

30 6.06 1.06 

31 6.06 1.06 

32 6.06 1.06 

33 6.25 1.25 

34 6.25 1.25 

35 6.25 1.25 

36 6.25 1.25 

37 5.93 0.93 

38 5.93 0.93 

39 5.93 0.93 

40 5.93 0.93 

41 6.19 1.19 
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42 6.19 1.19 

43 6.19 1.19 

44 6.19 1.19 

45 6.10 1.10 

46 6.10 1.10 

47 6.10 1.10 

48 6.10 1.10 

49 6.14 1.14 

50 6.14 1.14 

51 6.14 1.14 

52 6.14 1.14 

53 6.14 1.14 

54 6.14 1.14 

55 6.14 1.14 

56 6.14 1.14 
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Figure 5.5 Atomic numbers of g-CN for Table 5.2. 

 

In the X-ray photoelectron spectroscopy (XPS) spectrum, the C 1s peak 

(Figure 5.6a) can be deconvoluted into two peaks at 287.8 and 284.4 eV, 

attributed to sp2 carbon bonded to the three nitrogen atoms in the carbon 

nitride lattice, and the unavoidably loaded graphitic carbon atoms, 

respectively.[7] The N1s spectrum in Figure 5.6b gives four asymmetrical 

peaks at 394.2, 395.0, 396.6 and 400.0 eV, ascribed to the C−N=C sp2-

bonded N atoms in the graphite-like g-CN structure, tertiary (N−(C)3) 

groups, amino-functional groups (C−N−H), and a typical π-excitation, 

accordingly.[52] The peaks of Ag 3d are presenting at 367.9 and 373.9 eV 

in Figure 5.6c, which suggest the oxidation state of Ag between Ag+ and 

metallic Ag0,[53] consistent to the aforementioned DFT calculated 
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positive valence (+0.644).  

 

 

Figure 5.6 XPS survey of 1.0 wt% SAAg-g-CN. a, C 1s, b, N 1s, c, Ag 

3d of 1.0 wt% SAAg-g-CN. 

 

The synchrotron-based XANES and EXAFS were further utilized to 

clarify the structure. In Figure 5.7a, the C K-edge curve of 1 wt% AgNP-

g-CN is similar to that of g-CN, while the main peak (π* C-N-C) of 1 wt% 

SAAg-g-CN has a right shift, indicating a less accumulated electron 

density of the carbon atoms.[7] According to the charge density list (Table 

5.1), the difference between the charge sum of all 24 carbon atoms of 

SAAg-g-CN and g-CN (Table 5.2) is -1.14, manifesting the less negative 

charges of carbon for SAAg-g-CN, well in accordance with the C K-edge 

result. The two main peaks of N K-edge for g-CN (Figure 5.7b) are owing 

to π* C-N-C and π* N-3C (sp3 bridging N among three tri-s-triazine 

moieties).[54] The curve of 1 wt% AgNP-g-CN is still similar to that of g-

CN. In comparison, 1 wt% SAAg-g-CN has left shifts for both the peaks, 

signifying more electrons accumulated on C−N=C sp2-bonded N atoms 
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and sp3 bridging N among three tri-s-triazine moieties. In the charge lists 

(Table 5.1 and 2), the charge sum of the former N atoms (No. 29~35, 37, 

38, 40, 45, 46, 49, 50, 52~54 and 56) for 1 wt% SAAg-g-CN minus that 

for g-CN is 1.03, also showing more negative charges of the former N, 

consistent with the experimental results. Similarly, the charge difference 

for latter N atoms (No. 25~28) is 0.08, positive as well, and in accordance 

with the XANES data. Furthermore, a new peak emerges at ~ 409 eV for 

1 wt% SAAg-g-CN, which may be ascribed to the formation of N-Ag 

bonds shown in the simulative structure (Figure 5.3a). The absorption 

edge energies of 1 wt% SAAg-g-CN in the XANES spectrum of Ag K-

edge (Figure 5.7c) is slightly lower than that of Ag foil, indicating the 

oxidized state of Ag. It has been reported that Ag has lower binding energy 

with increasing oxidation state due to its core-level photo-emission.[55] 

This phenomenon also accords well with the positive valence of Ag 

(+0.644). 
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Figure 5.7 a, C K-edge and b, N K-edge XANES of g-CN, 1 wt% AgNP-

g-CN and 1 wt% SAAg-g-CN. c, Ag K-edge XANES of 1 wt% SAAg-g-

CN and Ag foil. d, Fourier transforms of Ag K-edge EXAFS of 1 wt% 

SAAg-g-CN and Ag foil. 

 

Lastly, the EXAFS of Ag K-edge for 1 wt% SAAg-g-CN (Figure 5.7d), 

together with its R, q, k space fitting results (Figure 5.8a, b, c), indicates 

that the quantitative coordination configuration of silver sites is 5.7, and 

the length of N-Ag is 2.39 Å (Table 5.3), which are remarkably different 

from those of Ag foil (Figure 5.8 d, e, and f and Table 5.3). The slight 

difference between fitting and computed results in the coordination 

number (5.7 versus 6) and bond length (2.39 versus 2.40 Å) is within a 
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reasonable range of error.[56] All the above XPS, XANES and EXAFS 

results adequately demonstrate that the structure of the SAAg-g-CN model 

in DFT calculation is plausible for the as-prepared SAAg-g-CN. 

 

 

Figure 5.8 The corresponding EXAFS a, R, b, q, and c, k space fitting 

curves of 1 wt% SAAg-g-CN. The corresponding EXAFS d, R, e, q, and 

f, k space fitting curves of Ag foil. 

 

Table 5.3 Structural parameters extracted from the Ag K-edge EXAFS 

fitting. (S0
2 = 0.79[a]) 

Sample Scattering Pair CN[b] R (Å)[c] σ2 (10-3Å2)[d] ΔE0 (eV)[e] R factor[f] 

Ag foil Ag-Ag 12* 2.87 0.006 0.06 0.001 

1 wt% SAAg-g-CN Ag-N 5.7 2.39 0.004 2.75 0.008 

[a] S0
2 is the amplitude reduction factor. [b] CN is the coordination number. 

[c] R is the interatomic distance (the bond length between central atoms 
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and surrounding coordination atoms). [d] σ2 is the Debye-Waller factor (a 

measure of thermal and static disorder in absorber-scatter distances). [e] 

ΔE0 is the edge-energy shift (the difference between the zero kinetic 

energy value of the sample and that of the theoretical model). [f] R factor 

is used to value the goodness of the fitting, 1.0SAFe-SBA. 

 

The photocatalytic H2-production efficiencies of the samples were further 

evaluated in the presence of 25% methanol by volume. As displayed in 

Figure 5.9a and Table 5.4, SAAg-g-CN demonstrated an excellent PC-

HER activity. After 240 min of light irradiations, the average H2-evolution 

rate of 0.3 wt% SAAg-g-CN reaches 75 μmol·h-1·g-1, which is 9 times 

higher than that of g-CN. At SAAg loading of 1 wt%, the PC-HER rate is 

raised to the optimal value of 248 μmol·h-1·g-1, 30.6 times as high as that 

of g-CN, 7.3 times of 1.0 wt% AgNP-g-CN (34 μmol·h-1·g-1), 3.0 times of 

PtNP-g-CN (82 μmol·h-1·g-1), and much higher than the values of 

previously reported Pt or Ag NPs decorated g-CN under similar conditions 

(Table 5.5). However, a further increase in SAAg loading to 2.0 wt% does 

not lead to any further enhancement of hydrogen evolution (still 248 

μmol·h-1·g-1), probably due to the emerged Ag clusters (Figure 5.9b). 
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Figure 5.9 a, Photocatalytic activity for H2 evolution over different 

samples under simulated solar light irradiations. b, TEM image of 2.0 wt% 

SAAg-g-CN. 

 

Table 5.4 H2 evolution rates with different catalysts in Figure 5.9a. 

Catalyst H2 evolution (μmol·h-1·g-1) 

g-CN 8.1 

0.3 wt% SAAg-g-CN 75 

1 wt% SAAg-g-CN 248 

2 wt% SAAg-g-CN 248 

1 wt% AgNP-g-CN 34 

1 wt% PtNP-g-CN 75 
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Table 5.5 A comparison of the photocatalytic H2-production activities for 

Ag or Pt modified g-C3N4 photocatalysts with methanol as a sacrificial 

agent. 

Catalyst  Optical source[a] H2 evolution 

(μmol·h-1·g-1) 

Reference 

8 wt% Ag/g-C3N4 300 W Xe lamp (≥420 nm) 15 [57] 

0.5% Ag QDs/g-C3N4 300 W Xe lamp (≥420 nm) 18 [58] 

1 wt% Pt/g-C3N4 Xe lamp (≥420 nm) 11 [59] 

3 wt% Pt/g-C3N4 Unknown (≥420 nm) 16 [60] 

1 wt% Pt/g-C3N4 300 W Xe lamp (≥400 nm) 19 [61] 

1 wt% Pt/g-C3N4 300 W Xe lamp (≥400 nm) 20 [62] 

1 wt% Pt/g-C3N4 300 W Xe lamp (≥400 nm) 20 [63] 

1 wt% Pt/g-C3N4 300 W Xe lamp (≥400 nm) 20 [64] 

0.5 wt% Pt/g-C3N4 450 W Hg lamp (≥400 nm) 36 [65] 

2 wt% Pt/g-C3N4 300 W Xe lamp (No filter) 53 [66] 

1 wt% Pt/g-C3N4 Solar simulator (No filter) 140 [67] 

1 wt% Pt/g-C3N4 500 W Xe lamp (No filter) 72 [68] 

1 wt% AgNP-g-CN 300 W Xe lamp (No filter) 34 This work 

1 wt% PtNP-g-CN 300 W Xe lamp (No filter) 82 This work 

1 wt% SAAg-g-CN 300 W Xe lamp (No filter) 248 This work 

[a] According to previously reported data of g-CN related catalysts, it is 

noticed that for optical source with filter of λ ≥ 420 nm, the photocatalytic 
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H2 evolution reaction (PC-HER) rate times 3 to 5 can be comparative to 

that without an optical filter. For an optical source with a filter of λ ≥ 400 

nm, the PC-HER rate times 2 to 4 can be comparative to that without an 

optical filter. 

 

Figure 5.10a compares the relative photocatalytic activity of Ag modified 

samples based on per mg Ag atoms. The SAAg-g-CN shows a nearly 

stable activity at the Ag content less than 2.0 wt%, but a sharply declined 

activity at 2.0 wt% owing to the formation of clusters. The AgNP (TEM 

and HRTEM images in Figure 5.10 b and c) gives the worst activity. The 

stability of SAAg-g-CN in PC-HER was tested. No morphological change 

before and after use (Figure 5.11a and b) was observed, demonstrating the 

reliable stability of the material. Figure 5.11c displays the H2 evolution in 

a 12 h photocatalytic run with 4 h intermittence over the sample of 1 wt% 

SAAg-g-CN. No significant loss of activity occurred after three cycles.  
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Figure 5.10 a, Comparison of photocatalytic activity of g-CN with various 

Ag contents normalized to per mg Ag atoms. b, TEM and c, HRTEM 

images of 1.0 wt% AgNP-g-CN. 

 

 

Figure 5.11 AC-STEM of 1.0 wt% SAAg-g-CN a, before and b, after PC-

HER reaction. c, Cycle runs for the photocatalytic H2 evolution on 1.0% 

SAAg-g-CN. 

 

The solar-heat-assisted PC-HER performance of 1 wt% SAAg-g-CN was 

then examined with the temperature being controlled from 25 to 55°C 

using a water circulation system. In Figure 5.12a, the H2-production rate 

has a remarkable increase with increasing temperature and arrives at 498 

μmol·h-1·g-1 at 55 °C, doubling the value at 25 °C. Meanwhile, metal 
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nanoparticle cocatalysts were also tested, as shown in Figure 5.12b and c. 

The PC-HER rate of 1 wt% PtNP-g-CN (Figure 5.12b) remains the similar 

level at 25 and 35 °C but drops off at 45 and 55 °C, to the half value at 

25 °C. Another catalyst, 1 wt% AgNP-g-CN (Figure 5.12c) shows the 

continuing decrease in the rates with the temperature rising. However, g-

CN (Figure 5.12d) shows a similar behavior to SAAg-g-CN. These results 

demonstrate that an increased temperature can positively boost the PC-

HER process on g-CN and SAAg-g-CN. 

 

 

Figure 5.12 Solar-heat-assisted H2 evolution of a, 1 wt% SAAg-g-CN, b, 

1.0 wt% PtNP-g-CN, c, 1.0 wt% AgNP-g-CN and d, g-CN at different 

temperatures. 
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TEM images of the used samples at different temperatures were acquired 

to explore the inhibition effect of solar-heat-assisted photocatalysis on 

NP-based cocatalysts. With the temperature rising, the growth and 

agglomeration of Pt NPs (Figure 5.13a-d) and Ag NPs (Figure 5.13e-h) 

became more and more serious, while no particles were found for SAAg-

g-CN (Figure 5.13i-l). Therefore, it can be concluded that the growth and 

agglomeration of metal NP cocatalysts with temperature result in the 

decreased active sites for PC-HER.  

 

 

Figure 5.13 TEM images of the used samples in different temperatures. a, 

25 °C, b, 35 °C, c, 45 °C, d, 55 °C of 1 wt% PtNP-g-CN. e, 25 °C, f, 35 °C, 

g, 45 °C, h, 55 °C of 1 wt% AgNP-g-CN. i, 25 °C, j, 35 °C, k, 45 °C, l, 

55 °C of 1 wt% SAAg-g-CN. 
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Then, ΔGH* was calculated in DFT mode to unveil how SAAg-g-CN 

improves its capacity in PC-HER. Figure 5.14a displays the ΔGH* of g-

CN on atoms of No. 4, 16, 28, 40, 52. It can be seen that No. 4 and 16 

carbon atoms, and No. 28 nitrogen atom connecting with three carbon 

atoms have positive values. In comparison, No. 52 and 40 nitrogen atoms 

(the hydrogen adsorption structure is shown in Figure 5.15a) own a 

negative value of -0.584 eV, which is the closest to zero. Thus, the ΔGH* 

of g-CN is -0.584 eV, consistent with the previous report.[69] In terms of 

SAAg-g-CN, carbon atoms (Table 5.1) basically have positive valences, 

indicating that they are unfit for H+ adsorption. Therefore, the ΔGH* values 

(Figure 5.14b) of representative nitrogen atoms (No. 32, 40, 44 and 52) 

and Ag atom (No. 57) are figured out. All of the five atoms own negative 

values, and No. 40 nitrogen atom (the hydrogen adsorption structure is 

shown in Figure 5.15b) is still the optimal one with a compromising value 

(-0.279 eV) of Ag (0.51 eV) and g-CN (-0.584 eV) (Figure 5.14c), 

explaining the outstanding performance of SAAg-g-CN. It is worth 

mentioning that the ΔGH* of No. 52 nitrogen atom is also adjusted from -

0.584 to -0.345 eV, which is helpful to PC-HER performance as well. 
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Figure 5.14 a, ΔGH* results of g-CN on atoms of No. 28, 4, 40, 16, 52. 

(blue for N and grey for C atoms) b, ΔGH* results of SAAg-g-CN on atoms 

of No. 44, 32, 40, 52, 57. (light blue for Ag atoms) c, Calculated free-

energy diagram of HER at the equilibrium potential for Ag (111), Pt (111), 

g-CN, and SAAg-g-CN. 

 

 

Figure 5.15 Optimized hydrogen adsorption model of a, g-CN and b, 

SAAg-g-CN. 
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UV–vis diffuse reflectance spectra, photoluminescence (PL) spectra, and 

electrochemical impedance spectroscopy (EIS) of SAAg-g-CN were 

acquired. As displayed in Figure 5.16a, the steep edge near 385 nm can be 

assigned to the bandgap transition of g-CN, and the introduction of 

monoatomic Ag enhances the visible light absorption but slightly 

decreases UV absorption. According to the Kubelka-Munk theory, the 

bandgap energies of all the samples were plotted in Figure 5.16b. No 

significant shift in the bandgap energy (2.55 eV) of the composites can be 

found, indicating the addition of Ag single atom does not significantly 

affect the bandgap structure of g-CN. PL was performed to investigate the 

charge carrier separation, transfer, and capture in pure g-CN and 1 wt% 

SAAg-g-CN composite sample (Figure 5.16c). Both photocatalysts 

exhibit similar emission trends at room temperature at an excitation 

wavelength of 350 nm. For both g-CN and 1 wt% SAAg-g-CN, the main 

emission peaks are concentrated at about 700 nm due to the recombination 

of the photoexcited electron-hole pairs derived from the intrinsic HOMO–

LUMO transition. Besides, 1 wt% SAAg-g-CN shows a lower PL 

intensity than g-CN, indicating the weaker recombination of 

photogenerated charges. This might contribute to the enhanced PC-HER 

performance. In Figure 5.16d, the Nyquist plots from typical EIS curves 

of g-CN and SAAg-g-CN show a slightly shorter curve diameter of SAAg-

g-CN,[70] which cannot explain the significant enhanced PC-HER rate of 
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SAAg-g-CN. These characterizations jointly prove that the excellent 

performance of SAAg-g-CN should be attributed to the escalated ΔGH*. 

 

 

Figure 5.16 a, UV-vis diffuse reflectance spectra and b, the plots of 

(αhν)1/2 versus bandgap energy (hν) of g-CN and different SAAg-g-CN 

samples. c, PL spectra of g-CN and 1.0 wt% SAAg-g-CN. d, Nyquist plots 

of electrochemical impedance spectroscopy (EIS) with different 

electrodes. 

 

Based on all those experimental and calculation results, a mechanism of 

SAAg-g-CN is proposed, as shown in Scheme 5.2. SAAg is trapped in a 

six-fold cavity of g-CN with N-Ag bonding. Compared to g-CN (Figure 

5.14a), in the framework of SAAg-g-CN (Figure 5.14b), the absolute 

value of ΔGH* of the most efficient position for H2 evolution, No. 40 
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nitrogen atom, is reduced to less than half that of the counterpart in g-CN, 

while the |ΔGH*| of No. 52 nitrogen atom also has an evident decrease, 

making it more powerful for PC-HER. Specifically, H+ is first attracted to 

the No. 40 and 52 nitrogen atoms and then combines with photo-excited 

electron to form H atom, while photogenerated holes are depleted by the 

sacrificial agent of methanol. Owing to the spatial adjacency, the obtained 

H atoms from No. 40 and 52 nitrogen atoms are inclined to combine before 

leaving the active sites, which may facilitate the desorption of the obtained 

H2 molecule from the catalyst, and thus boosts the PC-HER process. As to 

the reason why SAAg-g-CN with the ΔGH* of only -0.279 eV surpasses 

the ability of PtNP-g-CN with the ΔGH* of -0.09 eV, two other factors are 

applicable. First, as displayed in Scheme 5.3, Pt nanoparticles can only 

provide limited active sites compared to SAAg-g-CN, which has abundant 

No. 40 and 52 nitrogen atoms based active sites for H2 evolution. Second, 

a longer distance will be passed through for photoinduced electrons of 

PtNP-g-CN while ample short paths are available of SAAg-g-CN. More 

critically, the reinforced solar-heat-assisted PC-HER performance of 

SAAg-g-CN with temperature should be its unique merit compared with 

the metal NP co-catalytic system, deriving from its distinct N-Ag bond-

based structure. 
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Scheme 5.2 Schematic illustration of the mechanism of PC-HER on 

SAAg-g-CN (blue for N, grey for C, light blue for Ag, red for O and white 

for H atoms). 
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Scheme 5.3 Schematic comparison of the mechanisms of PC-HER on 

SAAg-g-CN and NPPt-g-CN (blue for N, grey for C, light blue for Ag, 

dark blue for Pt, red for O and white for H atoms). 
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4 Conclusion 

In conclusion, single atom Ag modified g-CN was successfully 

synthesized via a facile two-step pyrolysis method and utilized in PC-HER 

processes with outstanding performances. The escalated ΔGH* of No. 40 

and 52 nitrogen atoms of SAAg-g-CN deriving from the individual 

structure endows the catalyst abundant active sites, shortened electron 

passing routes, and the ease for H2 desorption, advancing the PC-HER 

process. What is more, this particular framework overshadows the metal 

NP cocatalyst weakness of growth and agglomeration with temperature. It 

endows SAAg-g-CN a prominent performance in solar-heat-assisted PC-

HER. This work underlines the outstanding PC-HER and solar-heat-

assisted PC-HER performance of SAC system stemming from its unique 

structure, reaction mechanism and tailored property. Specifically, it 

provides a route to utilize the thermal effect of infrared in the solar 

spectrum for PC-HER by SAC cocatalyst. 
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Chapter 6 g-C3N4 self-based van der Waals type II junctions for 

photocatalytic hydrogen evolution 

Abstract 

In the last two Chapters, graphitic carbon nitride (g-C3N4) based 

composites and single-atom catalysis were utilized in photocatalytic 

hydrogen evolution reaction (PC-HER). Herein, for improved PC-HER 

efficiency of g-C3N4, its self-based van der Waals (vdW) type II junctions 

are fabricated via a facile co-thermal-exfoliation method, with g-C3N4 and 

heteroatom doped g-C3N4 as precursors. The best candidate of g-C3N4/K 

doped g-C3N4 nanosheets vdW type II junction has an outstanding PC-

HER rate of 1243 µmol·h-1·g-1, which is 1.5 times that of g-C3N4 

nanosheets (CNS) and K doped g-C3N4 nanosheets (KCNS), and 8.9 times 

higher than that of bulk g-C3N4. The enhanced PC-HER performance 

could be ascribed to the synergistic effects of the shortened bandgap of 

KCNS than that of CNS, the enlarged specific surface area, the matched 

type II energy band structure, and the “face to face” vdW charge 

interaction. More importantly, the type II junctions were found superior to 

the type III junction, because the middle semiconductor in the type III 

junction could be degraded to the reintegration center of photo-motivated 

electron and hole pairs. This Chapter highlights the cooperative effect of 

different strategies in improving the PC-HER capacities of g-C3N4, 
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especially the application of vdW junctions, and discloses some 

unexpected but reasonable results. 

6.1 Introduction 

Fossil fuels, including petroleum, coal, natural gas, and shale oil, are 

currently the primary energy sources for the world.[1–5] However, those 

non-renewable energy sources will run out in the next ~ 200 years,[6–10] 

and the combustion products, e.g. CO2, and trace amounts of SO2 and NO2, 

can lead to greenhouse effects[11–14] and environmental pollution.[15–

17] Thus, clean energy is urgently required for sustainable human 

development. Photocatalytic hydrogen evolution reaction (PC-HER) 

offers a promising solution for solving the above issues, owing to the 

reproducibility and cleanliness of H2, and the environmental friendliness 

of PC-HER processes.[18–22] 

 

In 2009, Wang et al. for the first time employed graphitic carbon nitride 

(g-C3N4) as the photocatalyst in a PC-HER system,[23] thereafter, this 

material has promptly become a superstar in photocatalysis owing to its 

easy preparation, suitable bandgap, non-toxicity, physicochemical 

firmness, and non-metal nature.[24–28] A large number of measures have 

been designed and exploited to continually advance its PC-HER to higher 

levels in the past decade. For example, exfoliating bulk g-C3N4 into 
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nanosheets can remarkably enlarge the specific surface area and provide 

more active sites.[29–32] Doping heteroatoms to a g-C3N4 framework can 

optimize its properties, like increasing its optical absorption, tuning its 

bandgap, modifying its electrical conductivity, and shifting its HOMO-

LUMO sites.[33–40] Besides, type II junctions, formed by the connection 

of two types of semiconductors with a staggered band structure, can 

impede the reintegration of photo-motivated charges of both the two 

materials by transferring photoelectrons and holes from each other.[41–43] 

What is more, van der Waals (vdW) junctions, composed of several two-

dimensional (2D) materials with a “face to face” contact, are gaining great 

attention in recent years because of their marvelous properties benefiting 

from the electronic interactions via massive intimate interfaces.[44,45] 

 

If combining all those four strategies into a specific structure, we can 

collectively integrate all their advantages to boost the PC-HER process. 

Herein, g-C3N4 self-based van der Waals type II and type III junctions 

were obtained via a thermal co-exfoliation method. Specifically, those 

composites contain g-C3N4/B-doped g-C3N4 nanosheets (CN-BCN-S), g-

C3N4/K-doped g-C3N4 nanosheets (CN-KCN-S), B-doped g-C3N4/K-

doped g-C3N4 nanosheets (BCN-KCN-S), and g-C3N4/B doped g-C3N4/K-

doped g-C3N4 nanosheets (CN-BCN-KCN-S). Their enhanced PC-HER 

performances can be ascribed to the synergistic effects of shortened 
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bandgaps, an enlarged specific surface area, matched energy band 

structure, and “face to face” charge transfer. Moreover, this study, for the 

first time, discloses and explains the phenomenon that type II junctions 

are more efficient than type III junctions. 

6.2 Experimental 

6.2.1 Chemicals and materials 

Urea, boric acid, potassium hydroxide, sodium sulfate, triethanolamine, 

chloroplatinic acid, and Nafion solution were purchased from Sigma-

Aldrich and used without further purification. 

6.2.2 Preparation of catalysts 

Synthesis of g-C3N4: 10 g urea was placed in a crucible, which was then 

covered with a lid and transferred in a muffle furnace. The temperature 

was kept at 550 °C for 4 h with a heating rate of 15 °C/min. The obtained 

bulk was pulverized in a hard plastic container with a stirrer bar by a 

vortex mixer. The prepared powder was denoted as CN. 

 

Fabrication of B-doped g-C3N4 (or K-doped g-C3N4): 10 g urea and 3 mg 

boric acid (or 10 mg potassium hydroxide) were dissolved in 12 mL 

ultrapure water in a crucible. The mixture was stirred homogeneously, 
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dried at 100 °C and then transferred into a muffle furnace with a lid. The 

temperature was kept at 550 °C for 4 h with a heating rate of 15 °C/min. 

The acquired bulk was pulverized and then rinsed with ultrapure water 

several times by filtration and dried at 100 °C. The obtained material was 

pulverized again and denoted as BCN (or KCN). 

 

Preparation of B, K co-doped g-C3N4: 10 g urea, 3 mg boric acid, and 10 

mg potassium hydroxide were dissolved in 12 mL ultrapure water in a 

crucible. The mixture was stirred evenly, dried at 100 °C and then covered 

with a lid to be shifted into a muffle furnace. The temperature was kept at 

550 °C for 4 h with a heating rate of 15 °C/min. The acquired bulk was 

still white crystal, which was the same as the state before polymerization. 

This is because the reaction of boric acid and potassium hydroxide 

happened in the dissolving and drying processes. The produced potassium 

metaborate with a boiling point at 1401 °C would thoroughly mix with 

urea, which protected the urea from being polymerized. 

 

Fabrication of g-C3N4 nanosheets (or B-doped g-C3N4 nanosheets, or K 

doped g-C3N4 nanosheets): 480 mg CN was put in a crucible with a lid, 

which was then transferred in a muffle furnace. The temperature was kept 

at 500 °C for 4 h with a heating rate of 15 °C/min. The obtained powder 

was denoted as CNS (or BCNS, or KCNS). 
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Preparation of the mixture of g-C3N4 nanosheets and B-doped g-C3N4 

nanosheets (or the mixture of g-C3N4 nanosheets and K-doped g-C3N4 

nanosheets, or the mixture of B-doped g-C3N4 nanosheets and K-doped g-

C3N4 nanosheets): 120 mg CNS and 120 mg BCNS ( or 120 mg CNS and 

120 mg KCNS, or 120 mg BCNS and 120 mg KCNS) were thoroughly 

mixed in a hard plastic container with a stirrer bar by a vortex mixer. The 

obtained mixture was denoted as CNS-BCNS (or CNS-KCNS, or BCNS-

KCNS). 

 

Preparation of the mixture of g-C3N4 nanosheets, B-doped g-C3N4 

nanosheets and K-doped g-C3N4 nanosheets: 80 mg CNS, 80 mg BCNS, 

and 80 mg KCNS were fully mixed in a hard plastic container with a stirrer 

bar by a vortex mixer. The obtained mixture was denoted as CNS-BCNS-

KCNS. 

 

Fabrication of g-C3N4/B-doped g-C3N4 nanosheets-based van der Waals 

type II junction (or g-C3N4/K-doped g-C3N4 nanosheets-based van der 

Waals type II junction, or B-doped g-C3N4/K-doped g-C3N4 nanosheets-

based van der Waals type II junction): 240 mg CN and 240 mg BCN (or 

240 mg CN and 240 mg KCN, or 240 mg BCN and 240 mg KCN) were 

thoroughly mixed in a hard plastic container with a stirrer bar by a vortex 
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mixer. The mixture was then shifted in a muffle furnace, and the 

temperature was kept at 500 °C for 4 h with a heating rate of 15 °C/min. 

The obtained powder was denoted as CN-BCN-S (or CN-KCN-S, or 

BCN-KCNS). 

 

Fabrication of g-C3N4/B-doped g-C3N4/K-doped g-C3N4 nanosheets-

based van der Waals type III junction: 160 mg CN, 160 mg BCN, and 160 

mg KCN were thoroughly mixed in a hard plastic container with a stirrer 

bar by a vortex mixer. The mixture was then shifted in a muffle furnace, 

and the temperature was kept at 500 °C for 4 h with a heating rate of 

15 °C/min. The obtained powder was denoted as CN-BCN-KCN-S. 

6.2.3 Characterization of the materials 

Transmission electron microscopy images (TEM) were acquired from a 

Philips CM200 microscope (Germany) at 200 kV. X-ray diffraction (XRD) 

analyses were operated using a powder X-ray diffractometer at 40 kV and 

15 mA with Cu Ka radiation (Miniflex, Rigaku). X-ray photoelectron 

spectroscopy (XPS) measurements were conducted on an Axis Ultra 

(Kratos Analytical, UK) XPS spectrometer equipped with an Al Ka source 

(1486.6 eV). UV-Vis diffuse reflectance tests were performed on a Cary 

100 UV-Vis spectrophotometer (Agilent, USA) with BaSO4 as the blank 

sample. 



243 
 

6.2.4 Photoelectrochemical tests 

Mott-Schottky tests were performed on a Zennium electrochemical 

workstation (Zahner, Germany) in a normal three-electrode system with a 

0.05 M Na2SO4 (pH = 6.8) electrolyte solution. A platinum sheet served 

as the counter electrode and an Ag/AgCl electrode as the reference 

electrode. In terms of the photoanode, the sample film was synthesized on 

a fluorine-doped tin oxide (FTO) glass, which was ultrasonicated in 

ultrapure water, acetone, and ethanol for 15 min in order and dried at 60 °C. 

Then 5 mg of the catalyst was mixed with 1 mL of absolute ethanol and 

10 μL of Nafion solution homogeneously. The acquired slurry was spin-

coated onto the preprocessed FTO glass, and the prepared electrode was 

dried at 100 °C for 24 h (catalyst loading ~0.60 mg·cm-2). 

6.2.5 Photocatalytic measurements 

Photocatalytic hydrogen evolution measurements were performed in a 

black Teflon cell with a quartz light window. The light source was a 300 

W Xenon lamp (Newport) with a UV cut-off filter (λ > 420 nm). In a 

typical experiment, 20 mg photocatalysts were added in a mixed solution 

of 90 mL ultrapure water and 10 mL triethanolamine (TEOA), followed 

by injecting 120 µL H4PtCl aqueous solution (5 mg Pt/ml) to the mixture 

to provide 3 wt% Pt cocatalysts. After a 5-minute ultrasonication, the 

mixed suspension was transferred in the reactor, which was then sealed 
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tightly. Nitrogen gas was utilized to purge the air in the reactor and the 

reaction solution for 30 min with vigorous stirring, after which the light 

source was switched on to start the reactions. Meanwhile, the temperature 

of the reaction system was kept at 25 °C with a water circulation system. 

The generated hydrogen was online examined by a 490 Micro GC (Agilent, 

USA) equipped with a thermal conductivity detector. 

6.3 Results and discussions 

Firstly, CN-KCN-S was taken as an example of the vdW type II junction, 

and its  TEM image is exhibited in Figure 6.1. It can be found that 2D 

layers of CNS and KCNS were stacked together with an extensive 

interface. 

 

 

Figure 6.1 TEM image of CN-KCN-S (vdW type II junction). 

 

XRD was then explored to compare the crystal differences among all the 
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samples. The (100) peak at ~ 13.0° (Figure 6.2a) results from the ordering 

of tri-s-triazine units at 0.675 nm within a g-C3N4 plane, while the (002) 

peak at about 27.5° denotes the interlayer piling of the conjugated double 

bonds for graphitic materials, which is consistent with previously reported 

0.33 nm of interlayer spacing.[35,46–48] From all the patterns in Figure 

6.2, we can find that the (002) peak of nanosheets has a minor right-shift 

compared to the bulk counterparts, indicating a narrowed interlayer 

distance, which is corresponding to the data from the literature.[30,49,50] 

Figure 6.3 illustrates XRD patterns of the boron and potassium doping on 

g-C3N4. The bulk samples (Figure 6.3a) show that both boron doping and 

potassium doping can make a left shift of the (002) peak, indicating a 

widened layer-to-layer space. For B-doped g-C3N4, boron atoms are 

inclined to substitute carbon atoms in the architect of g-C3N4, as shown in 

Scheme 6.1a. Thus, the larger boron atom diameter than that of a carbon 

atom should be the reason for the wider interlayer distance of BCN. In 

terms of K-doped g-C3N4, potassium atoms are apt to be trapped in the 

six-fold cavity of the g-C3N4 structure (Scheme 6.1b). Therefore, the left-

shift of the (002) peak of KCN should be attributed to the larger radius of 

potassium atoms than that of carbon and nitrogen atoms. A similar trend 

of doping effect was shown in the nanosheet samples (Figure 6.3b). The 

smaller changes between doped CNS and pure CNS compared to the bulk 

group should be due to the right shift of nanosheets, as explained in Figure 
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6.2. 

 

 

Figure 6.2 The XRD patterns of bulk materials and nanosheets. a) CN vs. 

CNS, b) BCN vs. BCNS, and c) KCN vs. KCNS. 

 

 

Figure 6.3 The XRD patterns of doped g-C3N4 and pristine g-C3N4. a) CN 

vs. BCN vs. KCN, and b) CNS vs. BCNS vs. KCNS. 
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Scheme 6.1 The structure of a single-layer of a) B doped g-C3N4, and b) 

K doped g-C3N4. Blue for nitrogen atoms, grey for carbon atoms, green 

for boron atoms and yellow for potassium atoms. 

 

A comprehensive study on vdW type II and III junctions, the mixture 

counterparts, and the corresponding nanosheets, is reflected in Figure 6.4. 

Compared to CNS and BCNS, the vdW type II junction of CN-BCN-S 

(Figure 6.4a) exhibits a left offset in the (002) peak, which may be the 

result of that the distance between CNS layer and BCNS layer is slightly 

wider than the interspace of single CNS or BCNS because of the weak 

vdW interaction of hetero layers. The mixture of CNS-BCNS also shows 

a minor left shift in the (002) peak, but it is not so significant as the change 

of CN-BCN-S. This indicates that minor vdW junctions can also be 

formed in CNS-BCNS; however, they are inefficient as compared to CN-

BCN-S vdW junction. Similar tendencies can also be found in CN-KCN-

S and BCN-KCN-S type II vdW junctions, and CN-BCN-KCN-S type III 

vdW junction.  
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Figure 6.4 The XRD pattern comparisons of vdW type II and III junctions, 

the mixture counterpart, and the corresponding nanosheets. 

 

XPS studies were performed to get knowledge of the inner chemical 

bonding of BCNS and KCNS. The main C 1s peak of BCNS at 288.0 eV 

(Figure 6.5a) is the result of sp2 carbon jointed to the three nitrogen atoms 

(C−(N)3) in the g-C3N4 grid. The other C 1s peak is from the unavoidable 

graphitic carbon atoms (C-C). The N 1s peak at 398.5 eV of BCNS (Figure 

6.5b) accords with the sp2-bonded N atoms in the graphite-like g-C3N4 

framework (C−N=C). The peak of 399.6 eV results from the nitrogen 
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ternary groups (N−(C)3,), while the peak at 401.0 eV signifies amino 

functional groups (C-N-H). Lastly, the one at 404.5 eV signifies the 

characteristic π-excitation.[31,51,52] There is only one B 1s peak of 

BCNS, which is at 191.5 eV, very close to the B 1s peak of h-BN, denoting 

the boron atom connected with three nitrogen atoms.[53,54] This is well 

consistent with the framework of a single-layer B doped g-C3N4, as shown 

in Scheme 6.1a. The C 1s (Figure 6.6a) and N 1s (Figure 6.6b) spectra of 

KCNS show no significant difference with those of BCNS. The two K 2p 

peaks at 296.1 and 294.4 eV consist of K 2p1/2 and K 2p3/2 separately, 

proving the successful loading of potassium in KCNS.[38,55] 

 

 

Figure 6.5 The XPS spectra of BCNS. a) C 1s, b) N 1s, and c) B 1s. 

 

 

Figure 6.6 The XPS spectra of KCNS. a) C 1s, b) N 1s, and c) K 2p. 
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All the above characterizations can demonstrate the successful fabrication 

of a sequence of g-C3N4 based materials, especially g-C3N4 self-based 

vdW type II and III junctions. 

 

UV-vis diffuse reflectance spectra were then acquired to investigate the 

optical properties of the as-fabricated materials. Figure 6.7a, b, and c 

compare the nanosheets and bulk counterparts, from which it can be found 

that all the nanosheets have weak UV absorption. Besides, only KCNS has 

an obvious increase in the range of 450 – 800 nm compared to its bulk 

counterpart (KCN), which might be because, after thermal exfoliation, 

more potassium atoms can be exposed on the surface of KCNS. As a metal 

element, potassium atoms may help improve visible light absorption. The 

bandgap energies (Figure 6.7 d, e, and f) were then determined from the 

UV-vis diffuse reflectance data via the Kubelka-Munk equation of (αhν)n 

= k(hν-Eg) (where α, ν, k, and Eg stand for the absorption factor, optical 

frequency, proportionality constant, and bandgap energy, respectively; n 

= 2 for direct bandgap semiconductors and n = 1/2 for indirect bandgap 

semiconductors).[56] The widened bandgaps of nanosheets in comparison 

with bulk counterparts (Figure 6.7 d, e, and f) are consistent with 

previously reported data.[29,32,50] Figure 6.8 displays that the optical 

absorption intensity of these materials follows KCN > BCN > CN and 
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KCNS > BCNS > CNS and their bandgap orders are in an order of KCN 

(2.50 eV) < BCN (2.52 eV) < CN (2.58 eV) and KCNS (2.52 eV) < BCNS 

(2.56 eV) < CNS (2.65 eV). Obviously, the bandgap differences are 

enlarged in the nanosheets materials.  

 

 

Figure 6.7 UV-vis diffuse reflectance spectra of bulk materials and 

nanosheets. a) CN vs. CNS, b) BCN vs. BCNS, c) KCN vs. KCNS. The 

plots of (αhν)1/2 vs. bandgap energy (hν) of bulk materials and nanosheets. 

d) CN vs. CNS, e) BCN vs. BCNS, f) KCN vs. KCNS. 
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Figure 6.8 UV-vis diffuse reflectance spectra of heteroatom-doping and 

non-doping g-C3N4 based materials of a) CN vs. BCN vs. KCN, and b) 

CNS vs. BCNS vs. KCNS; and their corresponding plots of (αhν)1/2 vs. 

bandgap energy (hν) of c) CN vs. BCN vs. KCN, and d) CNS vs. BCNS 

vs. KCNS. 

 

As for vdW type II junctions (Figure 6.9), binary mixtures (Figure 6.10), 

the vdW type III junction (Figure 6.11a and c), and the ternary mixture 

(Figure 6.11b and d), their absorption intensity and bandgap energy are 

among their corresponding nanosheet materials. 
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Figure 6.9 UV-vis diffuse reflectance spectra of the vdW type II and 

corresponding nanosheet materials of a) CNS vs. BCNS vs. CN-BCN-S, 

b) CNS vs. KCNS vs. CN-KCN-S, and c) BCNS vs. KCNS vs. BCN-

KCN-S; and their matching plots of (αhν)1/2 vs. bandgap energy (hν) of d) 

CNS vs. BCNS vs. CN-BCN-S, e) CNS vs. KCNS vs. CN-KCN-S, and f) 

BCNS vs. KCNS vs. BCN-KCN-S. 
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Figure 6.10 UV-vis diffuse reflectance spectra of the mixture and 

corresponding nanosheet materials of a) CNS vs. BCNS vs. CNS-BCNS, 

b) CNS vs. KCNS vs. CNS-KCNS, and c) BCNS vs. KCNS vs. BCNS-

KCNS; and their matching plots of (αhν)1/2 vs. bandgap energy (hν) of d) 

CNS vs. BCNS vs. CNS-BCNS, e) CNS vs. KCNS vs. CNS-KCNS, and 

f) BCNS vs. KCNS vs. BCNS-KCNS. 
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Figure 6.11 UV-vis diffuse reflectance spectra of the vdW type III, the 

ternary mixture, and corresponding nanosheet materials of a) CNS vs. 

BCNS vs. KCNS vs. CN-BCN-KCN-S, and b) CNS vs. BCNS vs. KCNS 

vs. CNS-BCNS-KCNS; and their matching plots of (αhν)1/2 vs. bandgap 

energy (hν) of c) CNS vs. BCNS vs. KCNS vs. CN-BCN-KCN-S, and d) 

CNS vs. BCNS vs. KCNS vs. CNS-BCNS-KCNS. 

 

Mott-Schottky (MS) tests were conducted to further determine their band 

structure. As can be seen from Figure 6.12 – 16, the tangent slopes of all 

curves are positive, manifesting that all the as-synthesized materials are n-

type semiconductors. The intercept of the plot tangent and the X-axis in 

MS images can reflect the flat band position of the material. For n-type 

semiconductors, this value can be approximately viewed as the conduction 
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band (CB) position. Figure 6.12 makes it clear that the CB values of 

nanosheets are more negative than those of bulk counterparts, which 

accords well with previous reports. Figure 6.13 shows that the CB order 

is KCN (-1.04 V vs Ag/AgCl, pH = 6.8) < BCN (-0.93 V) < CN (-0.92 V), 

and obviously the differences in nanosheets group are more significant, 

which are KCNS (-1.17 V) < BCNS (-1.03 V) < CNS (-0.95 V). The vdW 

type II junctions (Figure 6.14) and the binary mixtures (Figure 6.15) have 

CB positions in between those of their matching nanosheets materials. 

Figure 6.16 reveals that the vdW type III junction and the ternary mixture 

also own CB values among those of their corresponding nanosheets 

semiconductors. 

 

 

Figure 6.12 The Mott-Schottky curves of bulk materials and 

corresponding nanosheets. a) CN vs. CNS, b) BCN vs. BCNS, c) KCN vs. 

KCNS. 
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Figure 6.13 UV-vis diffuse reflectance spectra of heteroatom-doping and 

non-doping g-C3N4 based materials of a) CN vs. BCN vs. KCN, and b) 

CNS vs. BCNS vs. KCNS. 

 

 

Figure 6.14 The Mott-Schottky curves of the vdW type II and 

corresponding nanosheet materials of a) CNS vs. BCNS vs. CN-BCN-S, 

b) CNS vs. KCNS vs. CN-KCN-S, and c) BCNS vs. KCNS vs. BCN-

KCN-S. 
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Figure 6.15 The Mott-Schottky curves of the binary mixture and 

corresponding nanosheet materials of a) CNS vs. BCNS vs. CNS-BCNS, 

b) CNS vs. KCNS vs. CNS-KCNS, and c) BCNS vs. KCNS vs. BCNS-

KCNS. 

 

 

Figure 6.16 UV-vis diffuse reflectance spectra of the vdW type III, the 

ternary mixture, and corresponding nanosheet materials of a) CNS vs. 

BCNS vs. KCNS vs. CN-BCN-KCN-S, and b) CNS vs. BCNS vs. KCNS 

vs. CNS-BCNS-KCNS. 

 

Based on the above UV-vis and MS data, the energy band structures of 

nanosheets and bulk g-C3N4 based semiconductors are shown in Figure 
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6.17. The CNS has a widened bandgap compared to CN, with a more 

negative CB position and more positive VB value (Figure 6.17a). Unlike 

CNS, BCNS and KCNS have wider bandgap than their bulk counterparts,  

while their CB and VB values are more negative than those of their 

matching counterparts. Figure 6.17b clearly shows that, from CNS to 

BCNS and then to KCNS, the bandgaps are gradually diminishing (2.65, 

2.56, and 2.52 eV), and both the CB (-0.95, -1.03, -1.17 V vs Ag/AgCl, 

pH = 6.8) and VB (1.70, 1.53, 1.35 V vs Ag/AgCl, pH = 6.8) are 

decreasing step by step. These results fully manifest that perfect type II 

junctions can be formed between each two of them, and the perfect type 

III junction can be acquired by their combination. All those data about the 

energy band frame further confirmed the successful synthesis of those 

required g-C3N4 based structures. 

 

 

 

Figure 6.17 The comparisons of energy band structures. a) Nanosheets vs. 

bulk counterparts. b) CNS vs. BCNS vs. KCNS. 
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PC-HER measurements were then performed to evaluate their activity 

(Figure 6.18). In the bulk group, we can find that both boron and 

potassium doping can help improve the PC-HER efficiency of g-C3N4, 

which can be mainly owing to the decreased bandgap and increased light 

absorption of BCN and KCN than those of CN (Figure 6.8). The nanosheet 

group has a remarkably enhanced PC-HER performance compared to the 

bulk group; however, their PC-HER rate order is KCNS > CNS > BCNS, 

which is different from the order of KCN > BCN > CN in the bulk 

community. This change may be lying in the changes in specific surface 

area. All the mixtures, including binary mixtures and the ternary mixture 

of CNS-BCNS-KCNS, have slightly better PC-HER efficiency than that 

of the nanosheets. This is perhaps because some junctions may also be 

formed in these mixtures at a lower level, leading to mitigated 

reintegration of photo-generated electrons and holes. However, no 

apparent regularity can be found among those mixtures, which may result 

from their randomly formed minor heterojunctions. The vdW junction 

group contains three vdW type II junctions and one vdW type III junction. 

The vdW type II junctions own significantly superior PC-HER rates to all 

the other g-C3N4 based materials, as shown in Figure 6.18, which is the 

synergistic effect of enhanced light absorption (heteroatom doping effect), 

enlarged specific surface area (nanosheet effect), improved charge transfer 
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(type II junction effect), and the vast interface interaction (vdW junction 

effect). Among those three vdW type II junctions, CN-KCN-S owns the 

best PC-HER capacity of 1243 µmol·h-1·g-1, 1.1 and 1.3 folds higher than 

that of CN-BCN-S and BCN-KCN-S, respectively (1.5 times that of CNS 

and KCNS, and 8.9 folds that of CN). The charge-transfer driving force of 

CN-KCN-S is more powerful than that of CN-BCN-S and BCN-KCN-S, 

as displayed in Figure 6.17b. Moreover, we also tried to exploit the same 

fabrication route to prepare boron and potassium co-doped g-C3N4 to 

compare with BCN-KCN-S. However, the trial failed as described in the 

fabrication of photocatalysts part because the produced potassium 

metaborate with the boiling point at 1401 °C would protect the urea from 

being polymerized. This reflects the flexibility of our synthesis approach 

from another point of view. Most importantly, the PC-HER rates of all 

three vdW type II junctions unexpectedly surpass that of the vdW type III 

junction, which might originate from the structure of vdW type III junction. 

As shown in Scheme 6.2, the transfer of electrons and holes in vdW type 

III junction can be viewed as two steps. After the first-step charge transfer 

(photoelectrons transfer from KCNS to BCNS, photo-generated holes 

transfer from CNS to BCNS), before the second-step charge transfer 

(photoelectrons transfer from BCNS to CNS, photo-generated holes 

transfer from BCNS to KCNS), the middle semiconductor (BCNS) can 

become the recombination center of photo-motivated electrons and holes, 
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causing the weaker performance of vdW type III junction compared to that 

of vdW type II junction. 

 

 

Figure 6.18 The PC-HER performance of all as-fabricated materials. 

 

 

Scheme 6.2 The proposed mechanisms of the vdW type II junction and 

the vdW type III junction for the PC-HER process. 
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A mechanism of CN-KCN-S, the best candidate of the as-prepared vdW 

type II junctions, was then proposed in Scheme 6.3. Under visible light (> 

420 nm), photo-excited electrons were obtained in the CB positions of 

both CNS and KCNS. The photoelectrons from KCNS were then 

transferred to the CB of CNS via their vast “face to face” vdW contact and 

then went to the platinum cocatalyst together with the photoelectrons from 

the CNS. Afterwards, the hydrogen ions from water reacted with the 

electrons on platinum nanoparticles, so that hydrogen gas molecules were 

generated. Simultaneously, the photo-motivated holes from the VB of 

CNS firstly fell to the CB of KCNS, and were then, along with the photo-

holes originating from KCNS, consumed by the sacrificial agent of TEOA. 

Herein, all the factors, including the cocatalyst, the sacrificial agent, the 

charge transfer in the type II structure, the shortened bandgap of KCNS 

than those of CNS, the large specific surface area of the nanosheets, and 

the vast “face to face” vdW contact, were synergistically contributing to 

the PC-HER process. 
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Scheme 6.3 The proposed mechanism of the vdW type II junction for the 

PC-HER process. 

6.4 Conclusion 

In conclusion, g-C3N4 self-based vdW type II junctions were prepared 

through a facile co-thermal-exfoliation method with g-C3N4 and 

heteroatom doped g-C3N4 as precursors. In the PC-HER processes, the 

best performance of the CN-KCN-S could be ascribed to the synergistic 

effects of shortened bandgaps of KCNS than that of CNS, enlarged 

specific surface area, matched type II energy band structure, and “face to 

face” vdW charge interaction. What is more, the type II junctions were 

found superior to the type III junction, and the drawback of the type III 

junction is that the middle semiconductor could be degenerated to the 

reintegration centre of photo-generated electron and hole pairs. This study 

strengthens the cooperative effect of different strategies in enhancing the 
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PC-HER capacities of g-C3N4, especially the application of vdW junctions, 

and discloses some unexpected but reasonable results. 
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Chapter 7 Conclusions and perspectives 

7.1 Conclusions 

In this thesis, the solar-heat-based temperature factor was investigated for 

PC-HER using different nanomaterials as photocatalysts. Meanwhile, 

novel g-C3N4 based nanostructures, including NiO quantum dots 

decorated g-C3N4, single-atom Ag modified g-C3N4, and K doped g-

C3N4/g-C3N4 van der Waals type II junction, were developed and applied 

in the PC-HER processes. Various characterization techniques combined 

with density functional theory (DFT) calculations were utilized to explore 

the structures and properties of these composites. The loading amounts, 

substance ratios, and reaction temperatures were optimized to maximize 

the PC-HER efficiency. The electrochemical tests and photoluminescence 

experiments were taken to probe the inner mechanisms of the enhanced 

PC-HER performance of these materials. This PhD study not only helps 

broaden the sources of photocatalysts for PC-HER but also assists in better 

understanding the PC-HER process of g-C3N4 based nanomaterials from 

varying aspects. 

 

Through the comprehensive studies, some important conclusions can be 

made as below. 
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7.1.1 Literature review 

 

 Since Wang et al. firstly applied g-C3N4 in PC-HER in 2009, a lot of 

g-C3N4 based materials, including g-C3N4 nanosheets, nanotubes, 

nanobelts, nanospheres, quantum dots, porous g-C3N4, crystalline g-

C3N4, doped g-C3N4, g-C3N4 based Schottky junctions, type II 

junctions, Z-scheme junctions, PN junctions, and van der Waals 

junctions, have been developed to advance the reactivity of g-C3N4.  

 The well-designed g-C3N4 based photocatalysts acquiring their 

enhanced PC-HER performance contain increasing porosity, enlarging 

the specific surface area, improving the quantity and quality of active 

sites, shortening the bandgap, broadening the photoabsorption, 

adjusting the energy band, strengthening the crystallinity, lowering the 

electrical impedance, and inhibiting the reintegration of the 

photogenerated electrons and holes.  

 Cocatalysts and sacrificial agents are also playing significant roles in 

the g-C3N4 based PC-HER processes. While cocatalysts can transfer 

photoelectrons from g-C3N4 to attached protons, sacrificial agents can 

effectively consume the photogenerated holes on the surface of g-C3N4. 

Both of them can upgrade the PC-HER rate by several or even 

thousands of folds.  

 Other factors, like the temperature of reaction solution, the amount of 
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photocatalysts, and light sources, can also influence the PC-HER 

results. 

 

7.1.2 Solar-heat temperature effect on photocatalytic hydrogen 

evolution 

 

 Pristine TiO2 P25 and g-C3N4 have increased PC-HER performances 

when the temperature is increased.  

 Pt nanoparticles decorated TiO2 P25 and g-C3N4 own an unstable or 

even decreased PC-HER efficiency with the temperature rising.  

 Pt nanoparticles modified g-C3N4 has an enhanced PC-HER 

performance from 25 to 65 °C under visible light irradiations.  

 The lowered electrical impedance, shortened bandgap, and increased 

light absorption with temperature are positive factors for those 

photocatalysts in temperature-based PC-HER processes.  

 The conduction bands and valence bands become more negative at 

escalated temperatures.  

 The agglomeration of Pt nanoparticles can be a significantly negative 

factor to the PC-HER performance at a higher temperature.   

 UV light can aggravate the thermal agglomeration of Pt nanoparticles. 

 

7.1.3 Synergy of NiO quantum dots and temperature on enhanced 
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photocatalytic and thermophoto hydrogen evolution 

 

 C-O single bond can be formed between g-C3N4 and NiO quantum 

dots under illuminations. 

 The enhanced photocatalytic hydrogen evolution is mainly attributed 

to the lowered overpotential barriers and improved electrical 

conductivity, which are profoundly originated from the emerging C-O 

bond and the quantum size effect of NiO quantum dots.  

 The improved absorption and narrowed bandgap of NiO quantum dots 

modified g-C3N4 also contribute to the enhanced photocatalytic 

performances.  

 Enhanced thermophoto catalytic hydrogen evolution can be ascribed 

to the significantly increased electrical conductivity of NiO quantum 

dots decorated g-C3N4, originating from the apparently reduced 

resistance of NiO. 

 

7.1.4 Solar-heat-assisted single-atom catalysis for photocatalytic 

hydrogen evolution 

 

 Single-atom Ag modified g-C3N4 (SAAg-g-CN) was successfully 

synthesized via a facile two-step pyrolysis method and utilized in 

photocatalytic hydrogen evolution processes with outstanding 
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performances. 

 The upgraded ΔGH* of No. 40 and 52 nitrogen atoms of SAAg-g-CN 

derived from the individual structure endows the catalyst abundant 

active sites, shortened electron transfer paths, and the ease for H2 

desorption, therefore promoting the photocatalytic hydrogen evolution 

(PC-HER) processes.  

 The unique structure of SAAg-g-CN overshadows the weakness of 

metal-nanoparticle-based cocatalysts, i.e. the growth and 

agglomeration with temperature. It endows the material a prominent 

performance in solar-heat-assisted PC-HER. 

 

7.1.5 g-C3N4 self-based van der Waals type II junctions for 

photocatalytic hydrogen evolution 

 

 g-C3N4 self-based van der Waals (vdW) type II and type III junctions 

were designed and prepared through a facile co-thermal-exfoliation 

method using g-C3N4 and heteroatom doped g-C3N4 as precursors. 

 In the PC-HER processes, the best material of g-C3N4/K doped g-C3N4 

nanosheet (CN-KCN-S) based vdW type II junction possessed 

synergistic effects of shortened bandgaps of KCNS than that of CNS, 

the enlarged specific surface area, the matched type II energy band 

structure, and the “face to face” vdW charge interaction.  
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 The type II junctions were found superior to the type III junction, 

which originated from the drawbacks of the type III junction that the 

middle semiconductor could be degenerated to the reintegration centre 

of photogenerated electrons and holes. 

7.2 Perspectives 

In the process of photocatalytic hydrogen evolution, many factors need to 

be carefully considered and optimized. 

 

From the beginning point, the increased reaction temperature caused by 

solar heat (infrared light), whether all photocatalysts share a similar trend 

at different temperatures should be further explored. How to incorporate 

and utilize the infrared light to the photocatalytic operations is still one of 

the grand challenges for practical industrialization of PC-HER, which 

requires more investigations.  

 

In terms of new photocatalysts for enhancing the PC-HER efficiency of g-

C3N4 based materials, rational design may consider the combination of 

following directions. As summarized in Chapter 2 of this thesis, currently 

there are abundant g-C3N4 based materials, including g-C3N4 nanosheets, 

nanotubes, nanobelts, nanospheres, quantum dots, porous g-C3N4, 

crystalline g-C3N4, doped g-C3N4, g-C3N4 based Schottky junctions, type 
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II junctions, Z-scheme junctions, PN junctions, and van der Waals 

junctions. Their proper combination and alignment can be enormous and 

provide more creative and prominent composite photocatalysts. 

 

As to the cocatalysts for g-C3N4 based PC-HER processes, more earth-

abundant materials are needed to be studied to substitute the noble-metal 

based cocatalysts. For example, plenty of two-dimensional materials are 

developed and reported to be potential candidates for the cocatalysts of 

PC-HER in recent years. More investigations should be devoted to this 

area. 

 

When discussing the sacrificial agents for PC-HER, we should keep in 

mind that there is a precise correlation between photocatalysts and 

sacrificial agents. For example, ethylene glycol can make the PC-HER 

performance of TiO2 to increase several levels. Triethanolamine is most 

suitable for g-C3N4 and can help protect g-C3N4 from photo-corrosion. In 

my opinion, perhaps some other chemicals or even waste can better play 

this role for g-C3N4. That is urea or human urine, because of the structure 

proximity of g-C3N4 and urea. 

 

To deeply explore the mechanism of g-C3N4 based materials for 

photocatalytic hydrogen evolution, we should also make many efforts on 



282 
 

this reaction from the atomic level or the point of electronic orbitals.  

 

Lastly, for the industrialization of PC-HER, more practical parameters 

should be taken into account. For instance, we must find an appropriate 

site for the establishment of a photocatalytic factory. Perhaps, Perth in 

Western Australia may provide such an ideal location, because both 

average 8 h sunshine throughout the year and the strong UV light make it 

the best location for capturing solar energy. Besides, it is quite a beautiful 

and environmentally friendly place, which fits the theme of environmental 

protection and clean energy of photocatalytic hydrogen evolution. 
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