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Abstract 

 

Energy crisis has become imminent owing to the increasing energy demand in recent 

years. Renewable and sustainable alternative energy resources, such as hydrogen have 

attracted significant attentions. In order to produce hydrogen energy efficiently, 

artificial photocatalysis is an attractive way forward. Use of piezoelectric materials for 

solar energy conversion is being researched in this context. However, such materials 

that are semiconductor-based are not practically viable applications. Simultaneously, as 

a kind of most efficient catalyst, the noble metal is difficult to apply in large-scale. 

Transition metal nitrides (TMNs) have become a family of alternatives of noble metal 

catalysts due to their unique properties. However, the present synthesis methodologies 

of TMNs are complex with severe conditions. Maintenance of morphology of TMNs 

also remains a challenge, since morphological changes do influence their activity. This 

thesis has provided a new strategy for production of TMNs with stable nano-

morphology. These have been used for photocatalytic and piezoelectric H2 evolution, 

while discussing the structure-activity relationship. The details are listed below: 

 

(1) A novel hard template/rapid-nitridation synthesis of ordered mesoporous metal 

nitrides is reported, which is based on a nanocasting-thermal nitridation process. This 

method uses 2D ordered hexagonal mesoporous SBA-15 as the hard template. A series 

of TMNs with ordered and regular mesoporous structures have been successfully 

synthesized from the corresponding mesoporous oxides. A comparative experiment 

shows that when a long-time heating process is employed, the ordered mesopores are 

hard to maintain anymore due to the collapse and coalescence of the porous structure. 

This proves the necessity of rapid-nitridation for keeping nanostructures of materials. 

 

(2) Prussian blue (PB) precursors are first oxidized and then subjected to rapid-

nitridation to obtain pure porous Fe2N nanocubes while maintaining the pattern and 

structure of the parent MOF precursor. The samples are sensitized using Eosin-Y (EY) 
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in photocatalytic HER. The performance of cube-like Fe2N is duly rationalized using 

DFT-based calculations and its metallic nature is also duly elaborated. The optimal 

Fe2N/EY system exhibits excellent photocatalytic hydrogen evolution performance. 

 

(3) MOF-derived Fe2N with different types of doped elements (Co, Cr, W and V) are 

successfully synthesized. Rapid-nitridation has been applied as a synthesized method, 

which is efficient for retaining the morphology of catalyst. The regular nanocubic 

pattern of samples has been maintained. The doped Fe2N have been utilized for 

piezoelectric catalytic H2 evolution and the Co-doped Fe2N has achieved the highest 

activity (122.8 μmol g-1h-1). After tuning the doping ratio, the Co and V doped Fe2N 

have greatly improved their H2 evolution performance. Compared with the control 

experiments, the sample with nanocubic morphology has a higher H2 evolution rate 

than that of the nanoparticle sample. These doped Fe2N catalysts also have the ability 

to degrade different types of dye, while improving their H2 production efficiency. 

Besides, the DFT calculation has elucidated the activity improvement of doped nitrides.  

 

In summary, this thesis has introduced a method for synthesizing several types of 

ordered porous TMN materials. They have exhibited considerable activity and 

properties in the application of H2 evolution by photocatalysis and piezoelectric 

catalysis. The relationship between the performance and the morphology as well as 

nanostructure has been demonstrated. 

 

Keywords: Transition Metal Nitride, Rapid-Nitridation, Hydrogen Evolution, 

Photocatalysis, Piezoelectric Catalysis. 
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Chapter 1 

 

Introduction 
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1.1 Research background 

The global energy demand has been increasing continuously in recent years because of 

the increase in population and industrialization. This has led to progressively higher use 

of traditional fossil fuels, which causes environmental problems such as water, air 

pollution and the greenhouse effect.[1,2] Thus, pursuing renewable and sustainable 

alternative energy resources has become an urgent requirement. This direction has 

hence attracted the significant attention of researchers.[3,4] Hydrogen energy is an 

abundant and clean energy resource, which can be an ideal choice to meet future 

demand.[1,5] It is highly desirable to achieve a high rate of energy harvesting and 

conversion from solar energy.[6–8] The cost-effective hydrogen production technology 

plays an important role in the realization of hydrogen energy schemes.[9] Compared to 

the electro-dissociation of water, photo-chemical dissociation of water by solar energy 

is a more promising strategy to produce hydrogen. In addition, as another new efficient 

technology for promoting the energy conversion reaction, piezoelectric effect has also 

been recently researched.[10] For the smoothly proceeding of the reaction, efficient 

photo- and piezoelectric catalysts are required.  

 

Since the pioneering work of photochemical hydrogen generation was reported, a 

variety of semiconductor-based materials have been developed, which are able to 

absorb visible light for utilizing solar energy. Generally, these photocatalysts mainly 

include metal oxides, sulfides, (oxy)nitrides and metal-free compounds.[11–14] However, 

they still have disadvantages such as large band gap, the tendency of recombination of 
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electron-hole pairs and insufficient energy efficiency.[15] Noble metal-based materials 

including Ir, Ru and Pt are still the best catalysts for HER and OER.[9] However, due to 

their high price and low reserves, these precious metals are hindered to be utilized in 

large-scale applications. Thus, the development of efficient and low-cost photocatalysts 

is important. For piezoelectric catalysts, most of the applied materials have 

disadvantages such as large size, small specific surface area and fewer active sites.[16] 

Therefore, it is desirable to explore a type of new piezoelectric catalyst with a suitable 

energy band structure, considerable material properties and the tunable porous 

morphology of nanostructure.  

 

Among the non-noble catalysts, transition metal nitrides (TMNs) have emerged as a 

kind of new family of alternatives of photocatalytic noble metal catalysts and new 

efficient piezoelectric catalysts due to their unique physical, chemical and electronic 

properties.[9,17,18] However, the synthesis methodologies of TMN are generally complex 

with severe conditions. TMN produced using common methods tend to form 

agglomerations, which seriously influence their photocatalytic performance and 

reduces the active sites for piezoelectricity.[19] Thus, exploration of a new strategy of 

TMN synthesis while maintaining the porous structure, and applications of such 

functional nanostructure TMNs in photocatalytic and piezoelectric hydrogen 

production are significantly desirable. 

 

1.2 Photocatalysis and piezoelectric catalysis 
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1.2.1 Background of photocatalysis 

Photocatalysis is a convenient and environment-friendly means to convert solar energy 

into chemical energy.[15] Specially, photocatalytic water splitting is regarded as artificial 

photosynthesis (Figure 1.1).[20] Fujishima and Honda pioneering work of solar energy 

conversion using TiO2 photocatalysts was reported in 1972.[21] Thereafter, researchers 

have been continuously exploring new materials as photocatalysts.[1,2,5,15,20,22] The 

earliest reports are mainly based on TiO2-based semiconductor photocatalysts.[23–26] 

However, in recent years, semiconductor materials such as g-C3N4, CdS, Ag3PO4 and 

related composites have also attracted interest.[27–35] Photocatalysis plays an 

increasingly significant role in fields such as energy regeneration including H2 

production from splitting water and CO2 reduction to fuels.[20,36–38] Likewise 

photocatalysis has also been used for clean chemical synthesis and environmental 

protection, including the degradation of organic dyes and inhibition of air and water 

pollution.[27,39–42] However, in most semiconductors, a combination of the large band 

gap and the tendency of recombination of electron-hole pairs limit the efficiency and 

practical utility.[15] 
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Figure 1.1 Photosynthesis by green plants and photocatalytic water splitting as artificial 

photosynthesis.[20] 

 

In order to enhance the catalytic potential of semiconductor photocatalysts, adjustment 

of composition and application of cocatalysts have become two primary approaches. 

For example, ion doping and element substitution (such as nitrogen for oxygen) can 

enhance the photocatalytic activity of semiconductors by improving their conductivity, 

narrowing their band gaps and making them more active under visible light.[4,42–44] Ion 

doping can create point defects, generally including vacancy, interstitial particle and 

foreign particle. Figure 1.2 has shown two cases that TiO2 doped by C and S elements, 

which form intra-band-gap states close to VB and CB for inducing visible light 

absorption.[42] The new energy state (C 2p) is introduced by the substitution of the C 

atom in the n-type TiO2 matrix, which leads to the shift of the VB edge to higher energy. 
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The energy state near the CB edge is created due to the substitution of Ti4+ by S6+, which 

makes the band gap narrower.[42] In most cases, suitable dopants can enhance the visible 

light absorption and separation efficiency of photoexcited electron-hole pairs.[45] The 

low dopant content of metal ions can introduce localized electronic states, such as a 

donor level above the VB or an acceptor level below the CB in the forbidden band of 

wide band gap photocatalysts.[46] A sufficiently high dopant content can help in 

achieving multiphoton excitation of a wide band gap semiconductor by forming a 

delocalized state band in the intermediate region.[47,48] On the other hand, the element 

substitution is usually an important strategy to tune the basic properties of 

photocatalysts, such as band gap narrowing, adjustment of electronic structures and 

improvement of conductivity.[49] Through these processes, the light-harvesting, charge 

transfer reactions and surface reactions are promoted using different elements.[50] For 

example, nitrogen is used to replace oxygen in oxide semiconductors to form nitride 

semiconductors because of similar electronic, chemical and structural features of both 

nitrogen and oxygen. The N 2p atomic orbitals with higher potential energy than O 2p 

atomic orbitals are introduced. This leads to the formation of new VBs instead of O 2p 

atomic orbitals, thereby reducing the band gap energy without affecting the CB level. 

Therefore, a visible-light-driven photocatalyst with band edge potentials suitable for 

various photocatalytic reactions is produced.[13]  
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Figure 1.2 The change in the energy band gap diagram of n-type TiO2 when doping C 

and S. The blue line is the energy band gap of C- and S-doping TiO2 and the red line is 

the energy band gap of TiO2.
[42] 

 

Also, co-catalysts have advantages such as decreasing the overpotential of 

photocatalytic reaction, extracting photogenerated charge carriers and host active sites, 

as well as improving the stability of photocatalysts through inhibiting photo-

corrosion.[1,4] Thus, cocatalysts are widely utilized in photocatalytic systems to improve 

their efficiency considerably. In recent years, most conventional photocatalysts rely on 

noble-metal-based cocatalysts to realize high photocatalytic activity.[51–55] For instance, 

Pt is one of the most efficient cocatalysts for the H2 evolution reaction because of its 

lowest overpotential and largest work function.[56,57] Meanwhile, RuO2
[58,59] and 

IrO2
[60,61] of noble metal oxides are well-known as outstanding cocatalysts for 

enhancing the photocatalytic O2 evolution reaction. Rh2-yCryO3 and core-shell-

structured Rh-Cr2O3 are two of the most active cocatalysts in H2 production by overall 

water splitting.[62–64] However, noble metals suffer from high cost and low abundance, 

which render them non-viable for widespread use in industrial production. Thus, the 
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development of noble-metal-free cocatalyst materials is very important for alternatives 

with superior activity and robust stability.[65–71] 

 

1.2.2 Principles of photocatalysis 

In general, the processes of photocatalytic reaction involve three main steps: (i) the 

adsorption of the photons by semiconductor to generate electron-hole pairs and the 

excited charge separation, (ii) transportation of electrons and holes to the 

semiconductor surface, and (iii) the utilization of charge for surface redox reactions 

(Figure 1.3).[1,5,72] The total efficiency of the photocatalytic reaction process depends 

on the thermodynamics and kinetics associated with these steps.[1]. Figure 1.4 shows 

some of the Gibbs free energy changes of a few representative chemical reactions, 

including arguably the most promising reaction in the renewable energy sector: water 

splitting yielding hydrogen, as well as the CO2 reduction and organic synthesis of 

fuels.[5,73–76] 

 

In the first step of the reaction process, the efficiency of electron and hole separation is 

largely determined by chemical compositions, crystalline phases and junctions, 

nanostructure such as the width of the band gap, and material morphology.[72] During 

the second step of the process, a significant fraction of electron-hole pairs recombine 

due to surface sites.[50,77,78], which leads to energy loss in the form of heat or light 

emission.[79] This problem is one of the main troubles that need to be solved to make 

photocatalysis viable.[5,79] Thirdly photocatalysis needs a large number of active sites 



9 

 

for providing suitable environments for electron separation or adsorption from reagents, 

thus accelerating photocatalytic oxidation or reduction reactions on the surface of 

photocatalysts with extreme efficiency.[20] This process is promoted by the presence of 

cocatalyst, which acts as host active sites and extracts photogenerated charge carriers 

for photocatalytic oxidized and reduced production.[20] Therefore, cocatalysts play an 

important role in improving both the activity and stability of semiconductor 

photocatalysts.[80,81] 

 

 

Figure 1.3 Schematic illustration of the main processes within the photocatalytic 

overall water-splitting reaction. Eg: semiconductor band gap. R: chemicals in reductive 

reactions, O: chemicals in oxidative reactions.[72] 
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Figure 1.4 Energy diagrams of representative thermodynamically uphill reactions. 

Reproduced with permission.[5] 

 

1.2.3 Background of piezoelectric catalysis 

The materials that can collect mechanical energy have attracted significant attention in 

recent years. The concept of piezoelectric nanogenerator was first reported by Wang et 

al. in 2006 for achieving conversion of different types of mechanical energy.[82] They 

used the ZnO nanowires to transform mechanical energy into electricity successfully. 

The producing piezoelectric potential has shifted the energetics, which enables the 

electrons to transfer across the interface between piezoelectric and solution. Based on 

this research, the piezoelectric materials start to be utilized in piezoelectric catalysis. 

So far, piezoelectric catalysis has been researched and investigated for more than a 

decade. It plays an important role in fields such as water splitting, organic pollutants 

degradation and sterilization. An increasing number of piezocatalysts have been 

reported, including ZnO, BiTiO3, BiFeO3, BiWO6, MoS2, MoSe2, ZnSnO3, KNbO3 and 
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so on.[83–90] Different kinds of nanostructural piezoelectric materials such as 1D 

wurtzite ZnO and BaTiO3, 2D morphology or 3D hierarchitectures have also been 

investigated.[16] 

 

The recent development of piezoelectric catalysis indicates that compared to the 

previous strategies of improving charge carrier separation in photocatalysis, the 

piezoelectric potential seems more efficient owing to long-range ordered electric field 

throughout the materials.[16] In addition, piezoelectric can utilize mechanical energy 

sources such as vibration, noise and fluid flow, which can be harvested from the 

surrounding environment.[18] Typical piezocatalysts including ZnO, perovskites and 

bismuth-based piezoelectrics are usually used in practical reactions.[16] However, most 

of these materials have drawbacks such as large size, small specific surface area and 

fewer active sites, which lead to limited piezoelectric activity.[86,91] In general, an ideal 

piezoelectric material is required to have great flexibility, a high piezo-electric 

coefficient, a large specific surface area for harvesting the mechanical energy and rich 

catalytic active sites.[19,91,92] Besides, the morphology of nanomaterials also act as an 

important role in the performance of piezoelectric catalysis. For instance, previous 

research has found that the ZnO nanorods and BaTiO3 nanowires have much better 

piezoelectric performance compare to their corresponding nanoparticles.[84,93] In 

addition, it has been reported that the inversion symmetry of piezoelectric material 

would limit the induction of their piezoelectricity.[19,94] Thus, it is reasonable to explore 

piezoelectric catalysts with non-centrosymmetric crystal structure which is also 
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nanostructured, along with appropriate energy band structure. 

 

At present, research on piezoelectric catalysis mainly focuses on the effect of 

polarization within materials and on the surface, different types of contacting modes of 

components, and band bending, as well as the mechanisms involved.[10,16,95–97] Thus, as 

a promising mechanical-energy-triggered catalysis strategy, piezoelectric catalysis has 

exhibited a significant potential in various practical application fields. 

 

1.2.4 Principles of piezoelectric catalysis 

The piezoelectricity origins from the non-centrosymmetric property, which results in 

the electric dipoles within the material. However, the piezoelectric crystals are still 

electrically neutral because of the canceling out of a positive and an adjacent negative 

charge.[10] Thus, if the crystals are stressed by squeezing or stretching, the movement 

of atoms from their original positions would change the state of electric neutrality. Then 

the unit cell gains the dipole moment, and the piezoelectric potential is produced 

because of the collective induced polarization of charges in the whole unit cell (Figure 

1.5a and b).[16,82] For the piezoelectrics that are insulators with wide band gaps, free 

charge carriers are not available aplenty at the thermal equilibrium state. The two ends 

of piezoelectrics with sufficient thickness are separated and have independent fields. 

The piezoelectric potential will shift the electronic energy levels of occupied or 

unoccupied states. It will lower the CB until it goes marginally below the HOMO of 

the solution. Thereby the electron will transfer from HOMO to the CB and from VB to 
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LUMO (Figure 1.5c and d). Thus, the internal piezoelectric potential is able to alter the 

surficial charge energy of materials.[16,98] Finally, various redox reactions are triggered 

on the surface. 

 

 

Figure 1.5 (a,b) Schematic diagrams depicting the potential distribution on 

piezoelectrics through bending. (c) Band diagram of unstrained and (d) strained 

insulating piezoelectric. The piezo-potential has changed the energy state across the 

material, allowing electron transfer between piezoelectric/solution interface.[98] 

 

1.2.5 Assessments of photocatalysis and piezoelectric catalysis 

Photocatalytic hydrogen production is induced by solar light, so it provides a valuable 

method to utilize solar energy, which is similar to the natural process of photosynthesis. 

As a convenient and environmental-friendly methodology, it has been researched for 

several decades since 1972 and has attained considerable progress in various fields. 
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However, two critical problems of photocatalysis that inhibit its developments are yet 

to be solved. One of the problems is the dependence on the light source, which is limited 

by the natural conditions. Another difficulty is the low utilization efficiency of solar 

energy in artificial photosynthesis (1-3%).[20] These two obstacles are derived from the 

nature of photocatalysis, thus further development remains a serious challenge. 

 

In this case, piezoelectric catalysis has become a new strategy that has attracted 

considerable attention for producing hydrogen energy. This is because it can utilize 

weak mechanical energy sources from the surrounding environment, including various 

kinds of vibration and noise. This characteristic can avoid the dependence on the light 

source and natural conditions. Moreover, the mechanical-electric energy conversion 

efficiency has been reported as 78%, which is much higher than the light-electric 

conversion rate.[86] Thus, it is desirable to explore and develop the field of piezoelectric 

catalysis. However, most of the used materials in piezoelectric catalysis still have 

disadvantages such as small specific surface area and fewer active sites.[19,91,92] In 

addition, the morphology and the inversion symmetry of materials also influence the 

piezoelectric performance to a great extent.[19,84,93,94] Therefore, a type of new 

piezoelectric catalyst with considerable morphology, nanostructure and appropriate 

energy band structure is required to be discovered and explored. 

 

1.3 Classification, advantages and applications of TMNs 

1.3.1 Classification of TMNs 
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TMNs are classified based on their properties. Generally, they are classified into two 

types - semiconductors and non-semiconductors - for photocatalytic applications. The 

main distinction lies in determining whether or not a given compound has an obvious 

band edge associated with VB and CB. This would directly influence their reaction 

mechanisms and performance enhancement methods for practical applications. The 

following section provides a brief introduction to both these two types. 

 

At present, the research on TMN semiconductor photocatalysts focuses mainly on 

Ta3N5, Cu3N, AgN3, Zr3N4 and Zn3N2. Their VB and CB positions are displayed in 

Figure 1.6.[99–106] The band gap energies of these semiconductors are mainly between 

1.0 and 3.0 eV. As illustrated, most of the semiconductor TMNs straddle the redox 

potential of water; the relatively narrow band gap also aids in this. Benefitting from the 

suitable band edge position, Ta3N5 has sufficient overpotentials for photocatalytic 

applications.[101] Cu3N is a type of defect tolerant semiconductor with a narrow band 

gap of 1.4 eV.[103] Cu3N with antibonding VB maximum possesses shallow intrinsic 

defects and no surface states. This makes it easier to avoid charge carrier recombination 

centers of defects during photocatalytic processes.[103] AgN3 and Zr3N4 are also among 

reported nitrides with band gaps of 2.7 and 2.6 eV.[104] Finally, Zn3N2 has a cubic 

structure with a lattice constant of 0.978 nm and a dark blue color.[107] There is variation 

in the reported band gap for this material, which depends among other things on the 

deposition methods or film composition chosen. Thus, the band gap energy ranging 

from 1.0 to 3.2 eV has been reported. This is marked as a dotted vertical line in Figure 
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1.6.[106] 

 

 

Figure 1.6 Band edge positions of reported semiconductor nitrides. The reduction and 

oxidation potentials of water are shown by black dotted lines. The band gap of Zn3N2 

is shown by dotted lines since there is variance in reports.[99–106] 

 

Actually, most of the TMNs used in photocatalysis are not semiconductors. They show 

metal-like properties without clearly separate VB and CB bands. Notably, some of 

TMNs have the ability to be excited by near-infrared light. For instance, WN and CoN 

have been reported and used as photocatalysts by promoting the inter-band excitation 

effect.[108,109] In addition, TMNs have the noble-metal-like collective localized surface 

plasmon resonance (LSPR) effect.[110,111] At present, TiN and WN have also been 
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applied in photocatalytic applications through the LSPR effect. This is proved by the 

theoretical calculations and experiment results.[110,112] 

 

Besides, other TMNs including those comprising of Ti, Co, Ni, Fe, Mo, V and Nb are 

generally utilized as cocatalysts. They have optimal metal-like properties, even better 

than noble metals according to density functional theory (DFT) calculation and 

experimental results.[81] Thus, they can play an ideal role in the photocatalytic process 

to transfer electrons from the surface of photocatalysts. This successfully promotes the 

separation of electron-hole charge pairs and prevents recombination. As a result, these 

TMNs can efficiently improve the performance of pure photocatalysts. Their 

advantages and applications are demonstrated in the following sections. 

 

1.3.2 Unique advantages of TMNs 

TMNs have recently emerged as a class of metallic interstitial compounds and have 

attracted significant attention for photocatalysis applications due to their distinctive 

physical, electronic properties and noble-metal-like properties.[9,17] The intercalation of 

nitrogen atoms modifies the parent metal structure and leads to lattice expansion. This 

also resulted in an increase in the distance between metal atoms, and a concomitant 

reduction in inter-atomic interactions.[113] The contraction of the metal d-band would 

cause an increased DOS near the Fermi level compared to that of the parent metal, 

which can be observed from the DOS image. This led to an increased number of valence 

electrons (even better than noble metals in the VIII group) and a change of structure.[114] 
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Due to their rather unique chemistry, TMNs have properties that come about due to the 

mixed nature of bonding (covalent: a strong interaction between several neighboring 

atoms by sharing electrons; ionic: chemical bonds formed by electrostatic interaction 

between anions or cations), and the electronic configuration of transition metals. Thus, 

TMNs have better characteristics than their parent metals and compounds.[113] TMNs 

have metal-like properties such as considerable conductivity and narrowing of band gap 

which are beneficial for highly efficient delivery and separation of photo-generated 

carriers. It is also suitable as a semiconductor in photocatalysis.[49] TMNs can reduce 

the overpotential or activation energy for photocatalytic reactions on the surface of 

semiconductors by providing extra active sites, and promote the electron-hole 

separation at the interface between cocatalyst and semiconductor.[49] Besides, TMNs 

have low cost, ideal thermal stability and good tolerance against acids and bases. These 

properties also ensure that TMNs generally do not react with the environment or 

biological substance to produce toxic effects. This means they are environment-friendly. 

Hence they offer prospects for use as either photocatalysts or cocatalysts in the 

industrial field.[115,116] 

 

1.3.3 Photocatalytic applications of TMNs 

There are some publications of TMNs for utilization in photocatalysis such as water 

splitting, organic dye degradation and CO2 reduction (Figure 1.7).[9] They are mainly 

used as active ingredients of semiconductors and cocatalysts due to their considerable 
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advantages. For example, Ta3N5
[117,118], InN[119], and InGaN[120] have been used as 

potential semiconductor photocatalysts for water splitting due to their simple chemical 

composition, tunable narrow band gap and stability.[49] In addition, some metallic 

nitrides such as TiN[121], FexN
[122], CoxN

[109,123], Ni3N
[124,125], MoxN

[126,127], VN[128] and 

some relative ternary compounds are suitable as cocatalysts because they can act as 

active sites and promote the transportation of photoexcited electrons. Therefore, TMN 

is a type of material with a significant prospect for extensive applications in 

photocatalytic systems. Some examples are shown below. 

 

 

Figure 1.7 The different roles and application fields of TMN materials in photocatalysis. 
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Semiconductor type Transition metal nitride. Traditional semiconductors (oxide 

semiconductors) usually exhibit relatively low electronic conductivity and wide band 

gap, the separation of photoexcited carriers is inefficient and the light harvest is rather 

inefficient.[39] Therefore, the technological applications of semiconductor-based 

photocatalysts are always limited.[39] It is important to modify the band structure of 

semiconductors photocatalysts so that the light absorption would be improved.[129] 

TMNs with a narrow band gap and great physicochemical properties have become a 

considerable choice for improving the structures and properties of semiconductor 

catalysts. 

 

The crystal structural modification has a significant impact on the activity of Ta-based 

nitrides in photocatalysis. Wang et al. have found that the rapid growth of single-crystal 

Ta3N5 nanorods on lattice-matched cubic KTaO3 particles can significantly promote the 

process of overall splitting water.[117] The growth of nanorods is obviously shown on 

cubic particles. Each Ta3N5 nanorod is a single crystal and the atoms are regularly 

arranged from the surface to the interior (Figure 1.8a and b). 
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Figure 1.8 (a) SEM image of Ta3N5/KTaO3 synthesized with nitridation times of 0.25 

h. (b) Colorized and magnified ADF-STEM images of a Ta3N5 nanorod in Ta3N5/KTaO3 

synthesized with a nitridation time of 0.25 h viewed from the [001] direction of the 

Ta3N5. Insets: depicted crystal structures of Ta3N5 projected from the [001] direction 

and KTaO3. (c) Crystal structures of Ta3N5 projected from the [001] (top left) and [041] 

(right) directions, and KTaO3 projected from the [1-10] direction (bottom left), d 

indicates the interplanar distance. (d) Gas evolution rates during overall water splitting 

as functions of the Ta3N5/KTaO3 nitridation time, with 0.05 wt% rhodium loading on 

Ta3N5/KTaO3.
[117] 

 

The crystal structural models of Ta3N5 and KTaO3 have been presented in Figure 1.8c 
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to indicate their facets. When combined with Rh/Cr2O3 cocatalyst, it has considerably 

high efficiency of the evolution of H2 and O2 (~9 μmol h-1 of H2 and ~4 μmol h-1 of O2) 

(Figure 1.8d). The rapid-nitridation process in this case leads to the forming of large 

size of Ta3N5 nanorods and the surface defect states in single-crystal phase. They 

particularly choose KTaO3 as the nitridated precursor and the base of Ta3N5 nanorods 

growth. This is because these two materials have very similar and matched lattice 

structures, which contribute to the tight and clear grain boundaries between them.[117] 

The volatilization of potassium species of the KTaO3 can control the substitution of 

nitrogen atoms for oxygen atoms and also promote the evolution of discrete Ta3N5 

nanorods single crystal phase.[117] The small size of Ta3N5 crystal and the simple 

arrangement of atoms make charge transfer faster. The cocatalyst shells make the active 

sites of photocatalytic reaction nearer to the surface, hence the active site concentration 

also increases. These results have proven that optimal nanostructure single-crystal 

photocatalysts can act an important role in overall water splitting.  

 

In addition, different morphological controls also influence the photocatalytic activity 

of Ta nitride. Xiao et al. have synthesized a new type of single-crystal ultrathin (~2 nm) 

The monoclinic Ta3N5 with a nanomesh morphology, which has a high level of 

crystallinity and a large surface area (284.6 m2 g-1) (Figure 1.9a, b and c).[130] This kind 

of material exhibits improved electronic conductivity and prolonged photocatalytic 

charge carrier lifetime in comparison with pristine Ta3N5 material, so it has much better 

efficiency in the photocatalytic hydrogen evolution process (~11.5 μmol h-1 of H2 
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evolution amount, which is 10 times higher than that of bulk Ta3N5) (Figure 1.9d). It 

is believed that the substantial improvement of photocatalytic performance is attributed 

to the synergistic effects associated with an increase in the specific surface area and 

active sites based on the porous mesh structures.  

 

 

Figure 1.9 (a) TEM image of ultrathin Ta3N5 nanomeshes. (b) The simulated crystal 

structures of monoclinic Ta3N5. The grey dots and blue dots stand for Ta atoms and 

nitrogen atoms, respectively. (c) N2 adsorption/desorption curve of Ta3N5 nanomeshes. 

(d) Photocatalytic H2 evolution activity of bulk Ta3N5 and Ta3N5 nanomeshes under 

simulated sunlight irradiation (AM 1.5G, 100 mW cm−2), respectively.[130] 
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Crystallinity is also crucial for performance because it affects photocarrier generation, 

recombination and migration. Thus, a type of ordered mesoporous Ta3N5 with a 

crystalline thin-wall structure had been synthesized, which achieves a 3 times higher 

activity (3.4 μmol h-1) than that of bulk Ta3N5 under the same condition of loading 3 

wt% Pt.[131] The mesoporous Ta3N5 material had a small dimension (4 nm pore size and 

2 nm wall thickness) and a large specific surface area (100 m2 g-1). This kind of thin-

wall structure promotes charge transfer to active surface sites in photocatalytic 

applications. These results validate the effectiveness of crystalline mesoporous nitrides. 

Another strategy of synthesized Ta3N5 with high crystallinity is to modify the surface 

of the precursor Ta2O5 with a small amount of alkaline metal such as Na2CO3.
[132] The 

Ta3N5 which is obtained using nitridation of modified precursor has better crystallinity, 

smaller sizes and smoother surfaces. This sample of Ta3N5 has shown 6 times more O2 

evolution under visible light compared to that of traditional Ta3N5.
[132] 

 

In addition, general nitridation methods usually produce Ta3N5 with the morphology of 

aggregated bulk materials (size is larger than 100 nm), which limits their photocatalytic 

activity. Thus, the pattern of the NPs can also be considered as a kind of morphological 

control to improve the photocatalytic activity of Ta3N5. Ta3N5 NPs with different sizes 

(size of 7-24 nm) can be synthesized by using mesoporous C3N4 with a controllable 

pore size as a template.[133] The small particle size associated Ta3N5 with concomitant 

large surface area (61 m2 g-1) offers a higher activity (27.2 μmol h-1) when compared to 

bulk Ta3N5 (2.9 μmol h-1). In addition to the low particle size and high surface area, the 
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low density of defect sites would also lead to increased activity, because fewer defect 

sites would facilitate electron migration from the Ta3N5 bulk to the surface and/or 

electron transfer from the CB of Ta3N5 to the loaded cocatalyst. 

 

Table 1.1 The BET surface area, band gap energy, and production rates of Ta2O5, Ta3N5, 

1% V-Ta3N5, 2% V-Ta3N5, and 3% V-Ta3N5 materials.[134] 

 
Surface 

area (m2/g) 

Band gap 

energy 

(eV) 

Production rates (μmol g-1 cat h-1) 

CH4 CO O2 H2 

Ta2O5 20.5 3.82 0 0 0 0 

Ta3N5 21.3 2.09 224 152 508 18 

1% V-Ta3N5 35.6 1.91 389 176 876 37 

2% V-Ta3N5 40.7 1.82 425 236 1003 56 

3% V-Ta3N5 46.8 1.81 403 214 927 43 

 

Doping of other element components can also improve the efficiency of Ta nitride in 

photocatalytic reactions. For example, Dieu et al. have successfully synthesized Ta3N5 

and V-Ta3N5 for CO2 conversion to produce valuable fuels including CH4, CO, H2, and 

O2, even under visible light.[134] The V dopants that exist in the Ta3N5 lattice reduce the 

band gap energy, which increases the electron-hole separation efficiency of the V-Ta3N5 

photocatalysts. Therefore, the photocatalytic activity of the synthesized V-Ta3N5 is 

higher than that of the Ta3N5. However, the substantial increase in the V doping ratio 

results in the formation of VN particles distributed on the Ta3N5 surface. This blocks 

the light and reduces the number of photons reaching the photocatalyst, thus reducing 

its photocatalytic activity. The optimal V doping ratio in V-Ta3N5 is found to be 2 wt% 
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(Table 1.1). The production rates of CH4, CO, O2, and H2 generated from the 

photocatalytic reduction of CO2 by 2 wt% V-Ta3N5 under visible light are 425, 236, 

1003, and 56 µmol g-1 h-1, respectively.[134] This result also proves the potential of the 

Ta nitride application in photocatalysis. 

 

Cu3N has a special anti-ReO3 crystal structure containing corner-shared Cu-N 

octahedra, which are arranged in the cubic lattice.[102] There exists a void in the center 

of the unit cell of Cu3N, which can hold other transition metal ions. In addition, the 

narrow band gap of Cu3N (1.4 eV) and its high optical absorption coefficient value 

(~105 cm-1) are ideal for solar energy conversion.[135,136] Barman et al. have decorated 

Au NPs on the surface of Cu3N semiconductor for photocatalytic degradation of organic 

dyes.[102] The colloidal Cu3N nanocrystals with decorated surficial Au NPs cause the 

LSPR effect and the better charge carriers separation property are the two main reasons 

to promote the photocatalytic degradation processes.[102] The results prove that the 

coupling between metal and semiconductor in these nanoheterostructures can 

efficiently improve the activity of photocatalysts. 

 

Besides, there is an abundance of literature on the use of Ga-based nitrides in 

photocatalysis. GaN is a type of bulk nitride material with d10 electronic configuration 

that is active in overall water splitting, and it has a wide band gap of 3.4 eV.[137] GaN 

and its related oxynitride are an important family of materials due to the insights they 

offer between composition, structure and photocatalytic activity.[138] For example, 
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Domen’s group has reported the overall splitting water property of GaN. The groups of 

Ooi and Mi have introduced Indium (In) to synthesize InGaN and narrow the band gap 

of GaN, and Li’s group has synthesized a (oxy)nitride composite (InN/GaZnON) for 

photocatalytic water splitting.[119,120,138–142] However, Ga belongs to IIIA group instead 

of transition metal elements, so it would not be discussed in detail in this thesis. 

 

Transition metal nitrides used as cocatalysts. Recently, a variety of TMNs has been 

reported as co-catalysts with their considerable activity of different applications. For 

instants, the nitrides of Ti, Co, Ni, Fe, Mo, V and Nb are used for water splitting, organic 

degradation and so on with achieving high efficiency. They can provide a large number 

of active sites and promote the separation of photoexcited electrons and holes. 

 

Zhou et. al. have reported a synthesis strategy to produce oxidized TiN NPs, which 

possesses an active performance and an extended stable period.[121] In comparison to 

the rutile phase of such a compound, this oxidized TiN photocatalyst is able to provide 

superior H2 evolution activity without the use of any noble metal cocatalyst. The 

sufficient small TiN nanopowders (~20 nm) have been used to produce the 

thermodynamically stable polymorph anatase phase of a TiO2:Ti3+:N compound. For 

pure titanium nitride as the photocatalyst, no H2 evolution could be detected. The 

optimal synthesis condition of oxidized TiN is tested as 400 ℃ in 1 h and the H2 

evolution rate achieves ~75 μmol g-1 h-1 (Figure 1.10a). During the oxidization process 

of TiN, the combination of Ti3+-state and nitrogen is formed. This leads to a remarkably 
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stable catalytic center for H2 evolution. The oxidized TiN has maintained its activity for 

~4 months while the samples of reduced anatase exhibiting a rapidly decreasing 

performance (Figure 1.10b). The electron paramagnetic resonance spectroscopy has 

further confirmed the remarkably stable photocatalytic activity observed from these 

samples for a long period, and further supported the concept of Ti3+ related defect 

structure capable of acting as the cocatalytic center in H2 production reaction. 

 

Meng et al. fabricated the ternary nitride Cr0.5Ti0.5N NPs with CdS semiconductor as 

the base.[30] They attained the best photocatalytic H2 production rate of 2.44 mmol g-1 

h-1, which is ~120 times higher than that of pure CdS sample and even higher than that 

of Pt-based nanocomposites (2.06 mmol g-1 h-1) (Figure 1.10c). Thus, it is proved that 

Cr-Ti ternary nitride has much better photocatalytic efficiency than those of the binary 

nitride of Cr and Ti. The sample of CrN-CdS has the highest photocurrent densities and 

the smallest resistance (Figure 1.10d). The sample of TiN exhibits the lowest H2 

evolution over-potential and the highest electrochemical double-layer capacitance 

(Figure 1.10e). However, the Cr0.5Ti0.5N exhibits the highest photocatalytic H2 activity 

even in different photocatalytic systems (TMN-Eosin Y and TMN-CdS), which is due 

to the synergistic effect of Cr and Ti atoms in the compound. This has been rationalized 

using the DOS plots. These plots demonstrate that the d orbitals of the Cr and also Ti 

near the Fermi level greatly contribute to the total DOS (Figure 1.10f). This means the 

electronic state of the energy region near the Fermi level is mostly dominated by the 

orbital electrons of two kinds of metal atoms, which indicates metallic bonding. All 
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these results demonstrate the synergistic effect between Cr and Ti in this ternary nitride, 

and the experimental results are in accord with the theoretical indication. 

 

 

Figure 1.10 (a) Open-circuit hydrogen generation for oxidized TiN nanopowders 

treated at different temperatures in air and comparison to reduced anatase samples as a 

reference. (b) Stability of photocatalytic H2 evolution for oxidized TiN (400 ℃, 1 h) 
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and reduced anatase (Δ: Ar/H2 500 ℃, 3 h; □: Ar 500 ℃, 3 h). (c) Photocatalytic H2 

production activity of different samples for 2 h light irradiation. (d) Transient I-t curves 

without bias potential. (e) Polarization curves for TMNs. (f) Total and partial electronic 

density of states calculated for Cr0.5Ti0.5N.[30,121] 

 

Cobalt-based nitride is also a type of promising co-catalyst which is a noble metal 

substitute for photocatalytic applications.[143] Chen et al. reported that Co3N can be 

synthesized and used as a cocatalyst for enhanced photocatalytic H2 production 

(~137.33 mmol g-1 h-1) and apparent quantum yield (~14.9% at 450 nm) in water based 

on CdS nanorods.[123] Similarly, Jin et al. successfully decorated Co3N NPs on ternary 

metal sulfide photocatalyst Zn0.5Cd0.5S, which achieved a H2 production rate of 218.8 

mmol g-1 h-1 under visible light and the apparent quantum yield of 30.2% at 420 nm.[143] 

This is due to the lower CB (-0.35 eV) of Co3N and its excellent electron-conductivity, 

Co3N NPs exhibit excellent electron capture ability.[143] The photo-generated electrons 

can be efficiently excited from the CB of the semiconductor to the surface of Co3N, 

thereby effectively separating the photoexcited hole pairs (Figure 1.11a).[143] In 

addition, Co3N and semiconductor photocatalyst have tightly combined to form a tight 

metal-semiconductor interface, thus also improving the electron transport efficiency. 

Thus, we can conclude that Co3N could perform both the collection and transportation 

of electrons to extend the carrier lifetimes and improve photocatalytic activity. 

 

Another type of Co-based binary nitride (Co2N) has been applied as a novel cocatalyst 
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to promote photocatalytic CO2 reduction by combining with BiOBr ultrathin 

nanosheets.[144] The authors reported considerable selectivity of CO formation rate of 

67.8 μmol g-1 h-1 in pure water without sacrificial reagent or extra photosensitizer, 

which is 6 times better than that of pure BiOBr.[144] This is because of the unique surface 

configuration of Co2N, which generates a strong electronic interaction with BiOBr, 

which is able to steer the electron transfer from the semiconductor photocatalyst. 

Electrons thus can transfer across the interface and arrive at the surface of the cocatalyst. 

The activation energy barrier can be lowered on the Co2N surface via stabilize COOH* 

intermediates, tuning the rate-limiting step from the formation of COOH* on BiOBr to 

the formation of CO* on Co2N, jointly optimize the CO2 photoreduction activity.[144] 

 

Compared to binary Co-based nitride, anti-perovskite phase Co3ZnN that is formed by 

zinc atoms replacing the cobalt atoms at the apex of the cubic unit cell has improved 

electronic properties (Figure 1.11b).[145] DFT calculations reveal that the electronic 

structure of Co3ZnN can be tuned by introducing zinc atoms (Figure 1.11c).[145] It is 

clear from these plots that the calculated d-band center of Co4N and Co3ZnN are -1.78 

eV and -1.87 eV relative to the Fermi level, respectively. Therefore, the lower 

antibonding energy states of Co3ZnN are lowered further, and the d-band center of 

Co3ZnN becomes more negative, thus moving farther away from the Fermi level.[145] 

These electronic changes might lead to a weakened interaction between the material 

surface and hydrogen. Meanwhile, this favors the desorption of hydrogen from the 

catalyst surface, thus benefitting hydrogen desorption.[146] As result, with the support of 
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carbon black, Co3ZnN/C achieves the highest H2 evolution rate of 15.4 mmol g-1 h-1, 

which is over 6 times higher than that of monometallic Co4N (Figure 1.11d).[145] This 

experimental result gives an ample demonstration of the concurrence with the 

theoretical calculation and provides a new guideline for optimizing TMN. 

 

 

Figure 1.11 (a) Schematic illustration of the charge transfer and separation for the 

Co3N/Zn0.5Cd0.5S photocatalyst under visible light irradiation and the proposed 

mechanism for photocatalytic H2 production. (b) The Rietveld-fitted X-ray powder 

diffraction pattern of Co3ZnN. (c) Calculated electronic densities of states of Co3ZnN. 

The Fermi level is set to zero. (d) The average rates of H2 evolution under visible-light 

(λ > 400 nm) over as-prepared Co4N, Co3ZnN and Co3ZnN/C (1:1) samples in Eosin 
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Y-TEOA system.[143,145] 

 

In present photocatalytic fields, nickel-based nitrides have mainly been reported as 

cocatalysts for hydrogen production. The small Gibbs free energy ΔGH* (65 meV) 

promotes the adsorption of protons on the surface of the Nickel-based nitride and at the 

same time promotes electron transportation to the adsorbed protons during the 

hydrogen production process.[124] In addition, Ni-based materials have a much lower 

price and higher abundance than noble metals. Thus, they are plausible replacements 

for noble metals in the construction of an artificial photocatalytic H2 production 

system.[125] 

 

Because Ni-based nitride is a type of metastable compound, which could be partially 

decomposed, it was usually binding chemically to stable photocatalysts such as CdS 

nanorod and g-C3N4 for application.[124,125] Sun et al. used a facile in situ growth method 

to grow Ni3N on the semiconductor of the CdS nanorod.[125] The hydrogen production 

rate they have achieved (88 mmol g-1 h-1) can be improved more than 10 times that of 

pure CdS nanorod. The result would be attributed to the interfacial charge transfer 

between semiconductor and Ni nitride cocatalyst. 

 

Chen et al. also found that Ni3N/g-C3N4 could achieve an H2 evolution rate of 169 μmol 

g-1 h-1, which is slightly higher than that of 3 wt% Pt modified g-C3N4 (152.0 μmol g-1 

h-1).[124] This is since Ni3N NPs anchor on the g-C3N4 surface and form heterostructures 
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to promote the photogenerated electron-hole pair separation. This results in more 

photocatalytic active sites, thereby increasing the photocatalytic hydrogen evolution 

rate. Similarly, Qi et al. have synthesized a cocatalyst compound of Ni3N with some 

oxidation impurities combined with g-C3N4 (Figure 1.12a), which approached a 54 

times higher activity (151.5 μmol g-1 h-1) when compared to the pure sample (Figure 

1.12b).[116] They proved that the internal NiO impurities in Ni3N can significantly 

improve the activity of photocatalytic reaction. This is owing to the formation of an all-

solid-state Z-scheme photocatalytic system (Figure 1.12c). Moreover, they found that 

ammonia treatment can boost the hydrogen evolution rate due to the formation of 

reductive defects on the surface. 

 

In addition, Meng et al. found that the Ni3N-Au-TiO2 sample with ultralow loading of 

Au clusters exhibits the most photocatalytic hydrogen production rate (87.7 μmol g-1 h-

1) compared with Ni3N-TiO2.
[147] The excessive amount of Au clusters becomes charge 

carriers recombination centers of Ni3N-Au-TiO2 samples. It indicates that Ni3N as 

support can efficiently decrease the loading amount of noble metal co-catalysts toward 

photocatalytic hydrogen evolution reaction.[147] 

 

Ternary nitrides of Ni are also increasingly gaining prominence. Recently, Wang et al. 

synthesized a kind of Ni-Mo ternary nitrides based 1D hierarchical structure with In2S3 

coating (In2S3-Ni0.2Mo0.8N(Ni) and In2S3-Ni0.2Mo0.8N) (Figure 1.12d).[148] The 

Ni0.2Mo0.8N with metal Ni acted as an efficient cocatalyst that transfers the electrons 
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from the In2S3 to the interface between them, which promoted the separation of 

electrons and holes. This compound achieved a H2 evolution rate of 614.2 μmol g-1 h-1 

with the best ratio of 1 wt% cocatalyst composite. This is ~10 times higher than that of 

pure In2S3 (Figure 1.12e). In addition, the results demonstrate that pure Ni0.2Mo0.8N 

shows higher co-catalytic properties than Ni0.2Mo0.8N(Ni), which indicates that the 

metal Ni impurity in the Ni0.2Mo0.8N lowers the cocatalytic ability of the ternary nitride. 

 

 

Figure 1.12 (a) High-resolution-TEM images of NiO-Ni3N sample. (b) The comparison 

of the photocatalytic H2 evolution activity of different samples under light irradiation. 
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(c) Schematic illustration of the photo-induced charge separation process in the NiO-

Ni3N/g-C3N4, NiO/g-C3N4 and Ni3N/g-C3N4 composites. (d) Schematic illustration of 

Ni-Mo ternary nitrides-based one-dimensional hierarchical structures (In2S3-

Ni0.2Mo0.8N(Ni)) that have been used to achieve visible light driven H2 evolution. (e) 

The average rates of H2 evolution under visible-light of In2S3, 0.5% In2S3-NMN(Ni), 

1% In2S3-NMN(Ni), 3% In2S3-NMN(Ni), 5% In2S3-NMN(Ni), (λ ≥ 400 nm).[116,148] 

 

As a kind of alternative cocatalyst to noble metal, iron nitride with different ratios of 

Fe can act as an efficient photocatalyst based on different applications. Qi et al.[122] 

synthesized a type of MOF derived Fe2N NPs for enhancing the photocatalytic H2 

evolution of g-C3N4, which achieves a rate of 88.7 μmol g-1 h-1. This is almost 48 times 

that of pure g-C3N4 nanosheets. The loading of Fe2N NPs obviously improves the 

efficiency of charge carrier separation and transportation on the surface. It also 

increases the active site density, improving the absorption efficiency of visible light, 

decreasing the overpotential of H2 evolution and accelerating hydrogen evolution 

production. 

 

Molybdenum-based compounds including molybdenum nitride have similar properties 

to Pt and are widely used in the hydrogenation and dehydrogenation process.[149] 

Molybdenum nitride is a type of compound with a gap alloy structure, which contains 

MoN, Mo2N, and so on. These have noble metal-like properties, and hence are 

promising candidate cocatalysts in photocatalytic reactions.[150] 
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For the application of Mo nitride, Ran et al. designed and fabricated MoN ultrathin 

nanosheets with TiO2 NPs, which form 0D/2D semiconductor/metal heterojunctions 

and improve the photocatalytic activity.[151] They achieved an optimal photocatalytic 

activity of 2034 μmol g-1 h-1 with 1.0 wt% loading of MoN. This improved activity is 

derived from the intimate electronic coupling between TiO2 and MoN, high work 

function, excellent metallic conductivity, high surface area and abundant active sites. 

 

There are several research activities Mo2N is also a type of excellent cocatalyst for 

photocatalytic H2 evolution. For example, Gong et al. reported that Mo2N-based on 

ultrathin g-C3N4 nanosheet can perform a catalytic rate of 148 times higher than that of 

the pure precursor.[152] The result of g-C3N4 is because the 2D ultrathin layer 

morphology of g-C3N4 narrows the electron moving path, high charge transfer rate and 

more active sites exposed. In particular, the interaction between Mo2N (111) planes and 

g-C3N4 (002) planes at the interface plays a crucial role in the improved catalytic 

performance.[152] Ma et al. found that when Mo2N combined with CdS, the 

molybdenum oxides and CdMoO4 formed between Mo2N and CdS. This protected 

Mo2N and inhibited the reversible reaction of H2 production. Therefore, the 

photocatalytic activity and the stability of Mo2N/CdS are increased.[153] Subsequently, 

this group compounded Mo2N, Mo2C, CdS and graphene to attain an 18 times higher 

hydrogen production rate than that of bare CdS.[149] This result demonstrates that the 

interface effect among the composites of Mo2N, Mo2C and CdS may lead to the superior 
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H2 evolution property (Figure 1.13a). All of these studies emphasize the importance of 

interaction between interfaces and the formation of heterostructures. 

 

In addition, modifying the morphology and orientations of Mo2N can improve the 

capacitance of cocatalyst, thereby producing a better photocatalytic hydrogen evolution 

reaction.[127] Ma et al. discovered that h-Mo2N rods with CdS can achieve the optimal 

photocatalytic efficiency compare to sheet and sphere shapes of Mo2N, which is 30.1 

times higher than that of the pure CdS (Figure 1.13b). This can be attributed to the 

lower overpotential that needs to overcome on rod morphology. The (111)-orientated 

h-Mo2N rods have the largest capacitance and conductivity, which can store the 

photoexcited electrons and facile transfer of electrons, thus it has the superior 

cocatalytic performance.[154] 

 

 

Figure 1.13 (a) The proposed mechanism of photocatalytic H2 evolution reaction on 

Mo2N/Mo2C/GR/CdS. (b) Photocatalytic activities of CdS loaded with different 

morphologies of Mo2N, Pt/CdS, CdS, and sole h-Mo2N.[127,149] 

 

For more TMNs used in photocatalysis, Tian et al. reported that VN can be applied as 



39 

 

a superior photocatalyst in water splitting.[128] In detail, VN-CdS photocatalyst can 

exhibit a high photocatalytic efficiency (6.24 mmol g-1 h-1, 6.7 times higher than that of 

pristine CdS) (Figure 1.14a). This is because VN dramatically decreases the 

overpotential of CdS and makes it much easier to generate charge carriers, and inhibit 

the recombination of electrons and holes (Figure 1.14b). VN also shows considerable 

stability in photocatalytic reactions.[128] Qu et al. demonstrated that the lattice matching 

and the heterojunctions formed between metallic NbN and CdS improved the 

photocatalytic activity (10 times higher than that of bulk CdS) (Figure 1.14c). 

Theoretical calculations revealed that NbN possesses strong adsorption for H2O on its 

surface. Thus, NbN is appropriate for photocatalytic hydrogen production, in particular 

after coupling with lattice-matched CdS.[155] 

 

 

Figure 1.14 (a) Photocatalytic H2 production activities of the VN/CdS sample compare 

to CdS sample. (b) The proposed mechanism of VN/CdS as a photocatalyst for water 

splitting. (c) Photocatalytic H2 production activities of different samples.[128,155] 

 

These results show that TMNs as cocatalysts can improve photocatalytic activity by 
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extending the visible light region, accelerating the electrons' conduction and decreasing 

the band gap between materials. Thus, they point out promising prospects in this field 

of applied photocatalysis. More types of TMNs that benefit photocatalysis are to be 

explored and researched. 

 

1.3.4 Piezoelectric applications of TMNs 

Due to the favorable properties and the adjustability of the d-band of TMN, this kind of 

material is also inferred as an ideal option to be utilized in the piezoelectric catalyst. 

However, since piezoelectric catalysis has developed for only a decade, a few pieces of 

research by utilizing TMN is published. The advantages of piezoelectric TMN are still 

in the process of exploration. 

 

Guo et al. reported that the 2D group III compounds with buckled hexagonal 

configurations have been successfully synthesized.[156] They proved that the hydro-

generated 2D nitrides (H-XN-H, X = Al, Ga and In) exhibit both the in-plane and out-

of-plane piezoelectric effects in the monolayer and multilayer structure under an 

external strain. The relationships between the piezoelectric coefficients and their 

electronic, chemical and structural properties are clarified.[156] Thus, these results are 

able to promote the research of metal nitrides used in piezoelectric fields. 

 

Besides, Zhang et al. have synthesized the non-noble metal Ni decorated single crystal 

GaN nanowires, which has 9 times higher hydrogen evolution rate than that of the pure 
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sample.[18] This performance is similar to that of the Pt decorated GaN nanowires. The 

large piezoelectric potential produced by the vibration on the small diameters (~100 nm) 

nanowires contributes to this superior piezoelectric catalytic efficiency.[18] This result 

has shown the promising perspective of piezoelectric application driven by weak 

mechanical energy from the environment. 

 

1.3.5 Disadvantages and challenges of TMNs 

Although TMNs have been utilized in various fields in photocatalysis and got ready to 

be used in piezoelectric applications, the realization of high-performance TMN 

catalysts for practical applications still faces a number of challenges. For instance, 

achieving a large-scale and reproducible synthesis of TMNs with controllable 

morphology and precise composition still remains a significant challenge. Generally, it 

is difficult to attain nitrides with considerable purity. Moreover, the pore structure and 

size of nanoparticles are controlled within a small synthesized scale. These problems 

are led by critical synthesis conditions and unstable forming processes during the 

nitridation. In particular, there is still a need for cost-effective and environmentally 

friendly synthesis methods which are also amenable to industrial production. 

 

1.4 Porous materials and synthesis methodology for TMNs 

1.4.1 Advantages of porous materials 

As classic porous materials, ordered mesoporous materials and MOF have various 

advantages including high design flexibility, tunable pore channels, and the large ratio 
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of surface-to-volume.[157] Figure 1.15 uses ZIF-67 as a sample to show the 

characteristics of MOFs. Besides the component, the morphology of the catalyst plays 

an important role in improving the catalytic performance. This is because the materials 

with ordered porous structures have a large specific surface area and high porosity, 

which can provide abundant active sites in the catalytic process.[158,159] In particular, the 

well-distributed nanoparticles are possible to further strengthen the synergistic effect 

between the guest species and host MOFs due to the enlarged interface.[160] Moreover, 

a well-developed porous network can further promote the diffusion of electrolytes and 

decrease the distance between the solution and the catalyst.[160] 

 

 

Figure 1.15 Key merits of MOFs as catalysts for HER (ZIF-67 is used here as an 

example, green ball: pore space; purple: Co; yellow: nitrogen; grey: carbon).[160] 

 

So far, MOFs that consist of metal ions/clusters and coordinated organic linkers have 
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found uses in applications such as gas storage/separation, catalysis, sensing and drug 

delivery.[161–164] There are a number of publications proving the improving activity of 

MOF porous materials compared to that of corresponding bulk materials. For example, 

mesoporous Ni3FeN and NiCo2N are found as high performance for OER.[165,166] In 

addition, a variety of photocatalysts such as ZnO and CdS have been synthesized by 

MOF precursors and used for photodegradation and hydrogen production with 

considerable performances, respectively.[167,168] Importantly, their high porosity and 

large specific surface area, as well as tunable pore size and morphology make them 

excellent sacrificial templates for fabricating porous MOF-derived functional 

materials.[169–171] For example, various MOF-derived porous carbon, metal oxides, 

metal sulfides, metal phosphates and their nanocomposites have been reported.[172–176] 

In these cases, MOFs have been used as both the precursor and porous template for the 

synthesis of catalysts.[177] Although ammonia treatment of MOF-derived metal/carbon 

nanocomposites can yield porous metal nitride/carbon composites; pure metal nitrides 

derived from MOFs with porous structures have been rarely reported. This is primarily 

due to the ease of collapse of the pore structures associated with MOF at high reaction 

temperatures, especially the case with long reaction times.[178,179] Thus, it can be 

inferred that maintaining the porous morphological structure of catalyst materials is 

crucial for achieving a highly efficient catalytic performance.[2,177] 

 

1.4.2 Existing synthesized methodology for TMNs 

Nitrogen or ammonia as the nitrogen source. In general, TMNs can be prepared by 
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maintaining a nitrogen-rich atmosphere over metal-based precursors. TMNs can be 

prepared from metal materials by direct calcination in the N2 atmosphere at high 

temperatures. For example, vanadium nitride can be prepared at 1200℃ from metal 

powder or film by passing N2 gas.[49] However, this direct synthetic route is limited by 

large thermodynamic barriers which are due to the making and breaking of the triple 

bond in dinitrogen (945 kJ mol-1 for N≡N).[180] It means that only highly thermally 

stable nitrides can be made by this method. Therefore, most nitrides are prepared using 

ammonothermal method at present. This means metal powder, oxides, hydroxide, 

halides and sulfides, etc. as metal-based precursors in an ammonia atmosphere at 

certain temperatures enable the synthesis of corresponding TMNs. Generally, 

ammonothermal method needs a lower temperature as compared to that prepared from 

using N2 gas as the only nitrogen source. Through ammonothermal method, binary 

nitride, ternary nitride and nitride-based composites are widely synthesized and 

thereafter have been used in various fields. 

 

In addition, fabricating metal-based precursors via different processes (e.g., chemical 

reduction, solvothermal process, the electrospinning method, etc.), which is combined 

with ammonothermal method, allows for the synthesis of TMNs with unique 

characteristics. For example, Li et al. have developed an electrospinning method 

combined with ammonothermal method to fabricate 1D TMNs (TiN, VN, NbN 

nanofibers).[181] 
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Recently, a hard-templating approach (wherein mesoporous silica is the hard template 

used) has emerged as an attractive method to synthesize several mesoporous metal 

materials such as metal-oxide perovskites, sulfides and transition metal-phosphorus-

based materials.[182–184] For instance, Y. Shi et.al. produced ordered mesoporous cobalt 

and chromium nitrides by using SBA-15; this yielded materials with very high specific 

surface area and an ordered arrangement of mesopores.[185] Jiang et al. used the KIT-6 

template to prepare a three-dimensional ordered mesoporous cobalt nitride for fast-

kinetics and stable-cycling lithium storage.[186] They used an impregnation method to 

prepare cobalt nitrate/KIT-6 precursor. Subsequently, calcination in air and etching by 

NaOH results in ordered mesoporous-Co3O4. Combined with ammonothermal method, 

the ordered mesoporous-CoN sample is prepared. Lai et al. designed the NiCoN/carbon 

hybrid nanocages composite.[187] These NiCo LDH nanoboxes are made from ZIF-67 

nanocubes which are chemically etched using Ni2+ ions under sonication and then 

transformed into the NiCoN/C hybrid nanocages via an ammonothermal method. In 

this procedure, the precursor with a designed structure served as the template, which 

could be defined as the self-templating method. 

 

In fact, metal-organic-framework (MOF) materials are increasingly used as metal-

based precursors to fabricate TMNs due to the metal ions acting as a metal source in 

MOFs, which are isolated by the cage-like pores. This can significantly hinder their 

diffusion and agglomeration during pyrolysis.[188] Thus, upon annealing in ammonia, 

ultrasmall TMN nanoparticles (NPs) can be well obtained. For example, Chen and Ha 
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et al. use ZIF-67 as the precursor under an ammonia atmosphere at 700 ℃ and 

successfully prepare Co5.47N NP@N-PC powders.[189] Small particle size Co5.47N NPs 

were encapsulated by graphitic carbon layers, which shows excellent catalytic 

performance. 

 

Nitrogen-based compounds as the nitrogen source. In addition to nitrogen or 

ammonia, nitrogen-based compounds can also be used as nitrogen sources for the 

synthesis of TMNs. Take urea, for example; when using it as the nitrogen source, 

ethanol is usually used to dissolve metal salts. But in some cases, metal salts do not 

dissolve in ethanol. If urea is added to it, dissolution increases. Urea can also form 

metal-ethanol-urea gels. When such gels are heated, TMNs can be produced at a 

relatively low temperature. For instance, Yuan et al. prepared ZrN NPs by a urea-glass 

route.[190] ZrCl4 powder as the metal source was dispersed in ethanol, urea was added 

and the mixture was stirred until the urea dissolved and the solution was completely 

clear. The solution was aged for 12 h to complete the complexation of Zr by urea and 

the resulting colorless transparent sols. The sols are heated under an argon flow at 

800 °C for 3 h, ZrN NPs can be obtained after cooling and passivating. 

 

Compared with the ammonothermal method wherein synthesis is carried out by heating 

ZrO2 in ammonia at temperatures above 1200 °C; the urea-glass route reduces the 

synthesis temperature, prevents aggregation and grain growth. Giordano’s group uses a 

urea-glass route to fabricate titanium nitride.[191] And then they use TiN as a carrier to 
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prepare the TiN-Ni nanocomposites by impregnation method. This nanocomposite 

exhibits efficient catalytic activity for the hydrogenolysis of aryl ethers. In fact, 

Giordano’s group uses this urea-glass route to fabricate a series of TMNs, such as 

molybdenum nitride (γ-Mo2N), hafnium nitride (HfN) and Nitride nickel (Ni3N), 

etc.[192–194] All of these TMNs exhibit excellent catalytic properties in the field of 

catalysis. Thus, urea-glass route has the advantages of simplicity, low cost and non-

toxicity of the reagents, and so is very promising for scaling up to larger applications. 

In addition to urea, other nitrogen-based compounds (such as azide, cyanamide, 

melamine, dicyandiamide, etc.) can also be used as nitrogen sources to prepare TMNs 

by heating with metal salts.[195] 

 

Deposition technique. Some deposition techniques, such as physical vapor deposition, 

chemical vapor deposition (CVD) and electrochemical deposition et al., can also be 

used to prepare TMNs (usually as thin-film). Through deposition techniques, high 

purity nitrides film samples with controllable stoichiometry and composition can be 

produced. For instance, Kang et al. prepared nickel nitride (Ni2N) film with a 

cauliflower-like nanostructure and tetrahedral crystal lattice on an FTO glass base using 

a reactive sputtering method under a N2 atmosphere at room temperature.[196] Kreider 

et al. also used a reactive sputtering method to prepare thin-film nickel nitride catalyst 

(Ni3N and Ni3N dual-phase).[197] The Ni target was sputtered in a mixture of 75% Argon, 

25% nitrogen plasma to deposit ~130 nm of NixN. Murthy et al. fabricate a series of 

metal-doped molybdenum nitride films by magnetron co-sputtering technique.[198] Mo, 



48 

 

Cu, V and Ag are used as the metal targets while silicon and stainless steel plates are 

used as the substrates for the film fabrication. Ar and N2 gasses were used as sputtering 

and reactive gasses respectively in the film deposition. However, the operations of these 

physical synthesis methods are complex, so it is not suitable for general synthesis. 

 

CVD is a process whereby a solid is deposited from vapor by a chemical reaction that 

occurs on or near a substrate surface.[199] Cheng et al. reported a novel CVD method to 

directly synthesize single-crystalline TiN nanowires.[200] TiN nanowires are grown on a 

graphite bar substrate in N2 atmosphere. Anion exchange resin D301 exchanged with 

Co(NO2)6
3− ions and TiF6

2− ions (D301-Co-Ti) was used as the precursor, acting as both 

Ti source and catalyst for the growth of TiN NWs. As-synthesized TiN NWs were single 

crystalline along the whole length with uniform 1D morphology.  

 

TMNs can also be prepared by an electrochemical route.[49] In this method, molten salt 

(LiCl-KCl eutectic mixture) was used as an electrolyte. Dry NH4Cl and CrCl2 were 

added to a molten salt. The Nickel (Ni) plate was used as the working electrode. The 

counter electrode was a glassy carbon rod. The reference electrode is the Ag+/Ag 

electrode. The thickness of the CrN layer increases as the applied potential becomes 

more negative. It is particularly noteworthy that this electrochemical route is performed 

at room temperature. 

 

Salt-Assisted Synthesis TMNs. Salt-assisted methods are emerging technologies that 
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can be used for the fabrication of some special TMNs. The roles of the molten state salt 

are related to their specific properties, which can assist in the synthesis of those nitrides 

with special structures. Compared to carbide MXenes, nitride MXenes are difficult to 

prepare due to the higher formation energy of metal-nitrogen bonds.[201] Molten salt at 

a high temperature can selectively etch the Al layer from Ti2AlC. Urbankowski et al. 

used salt-assisted synthesis Ti4N3 nanosheets.[202] Ti4AlN3 powder is mixed with a 

composite salt (LiF, NaF and KF), reacted at 550 °C for 30 min under Argon flow, and 

exfoliated in tetrabutylammonium hydroxide to obtain 2D Ti4N3Tx (T = F, O, and OH). 

This approach could potentially be used to prepare other types of nitride MXenes from 

their corresponding MAX phases by a suitable molten salt assist. Except for selectively 

etching, molten salt also does other things to help the synthesis of TMNs. For example, 

Cheng et al. used molten salt that permit catalytic synthesis of a family of single-crystal 

2D layered TMNs (MoN1.2, WN1.5, and Mo0.7W0.3N1.2).
[203] The molten salts in this 

method (Na2MoO4·2H2O/K2MoO4 and Na2WO4·2H2O/K2WO4) acted as catalysts 

instead of reactants, which are not consumed or transformed during the reaction but can 

facilitate the growth of 2D layered TMNs. In addition, molten salts as solvents 

promoted the formation of ordered structures and porous TMNs. Shalom et al. used 

dicyandiamide as the nitrogen source, for fabricating crystalline sponge-like nickel 

nitride by the calcination of dicyandiamide together with NiCl2/LiCl salt melt 

mixture.[204]  

 

Other strategies. Without a doubt, there are some other methods and techniques that 
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can be used to synthesize TMNs. For instance, Xie et al. fabricate the atomically-thin 

MoN nanosheets by liquid exfoliation of the bulk material.[205] Wu et al. prepared 

copper nitride nanocubes (Cu3N) directly by a wet chemical method.[206] Zhang et al. 

directly synthesized cobalt nitride (CoN) by subjecting the Co3O4 to N2 radio frequency 

plasma treatment at room temperature within 3 min.[207] More strategies to synthesize 

TMNs easily, quickly and cheaply are likely to be developed in the times to come. 

 

1.4.3 Difficulties of synthesis methodology for TMNs 

As mention in above sections, it is obvious that the TMN materials are traditionally 

synthesized by methods involves long-time, high-temperatures, long heating times, 

high pressure, or complex synthesized process. The products thus formed tend to have 

larger particle sizes instead of porous structure, which is oftentimes a requirement in 

several applications of energy storage and conversion. Hence these products are rarely 

suitable for catalytic purposes.[114,122,208–210]  

 

Furthermore, conventional ammonothermal and nitridation techniques pose significant 

challenges to scalability. This in turn makes its relevance to industrial applications. 

However recently, due to synthetic developments, TMN materials can be synthesized 

in the nano-regime with different morphologies.[114,122,211–214] Currently, both (i) low 

temperature, rapid and high yield methods of preparation, and (ii) nanosizing is 

imperative for the eventual success of TMNs in catalysis, and related areas. In particular, 

there is value in developing methods that enable the production of porous 3D TMNs 
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using soft chemical approaches. Clearly, the development of such a technique merits 

further attention. 

 

In conclusion, it is important to explore a suitable and simple synthesized method for 

enabling low-pressure rapid preparation of TMNs while keeping their ordered porous 

morphology, for improving their performance in catalytic processes. 

 

1.5 Thesis Structure 

Based on the above introduction and discussion, the purpose of the research of this 

thesis is to explore a new strategy of synthesis for TMNs while maintaining their porous 

morphology. Then, these produced functional TMNs are used for hydrogen production 

through photocatalysis and piezoelectric catalysis. Finally, the d-band structure and the 

component of these catalysts can be tuned by doping elements for improving their 

activity. The details are listed below: 

 

 

Figure 1.16 The logic flow chart of three parts research. 
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(1) A new hard template/rapid-nitridation method for the synthesis of ordered 

mesoporous metal nitrides had been reported, which was based on a nanocasting-

thermal nitridation process. The hard template of 2D ordered hexagonal mesoporous 

SBA-15 was used to derive the mesoporous structure of products. A series of TMNs 

with ordered and regular mesoporous structures had been successfully synthesized. It 

was proved that this rapid synthesis method was necessary and in fact generically useful 

for the production of various TMNs to maintain their ordered porous structures. Thus, 

as a newly created methodology, rapid-nitridation is valuable for simply producing 

regular nanostructural TMNs. 

 

(2) As a type of famous MOF porous material, PB was selected as the precursor to 

obtaining pure porous Fe2N nanocubes with maintaining the MOF pattern and structure. 

The process applied two-step operation including oxidation and rapid-nitridation 

mentioned above. The produced samples were sensitized by using EY in photocatalytic 

HER. The Fe2N with cube-like morphology had achieved an excellent high H2 

evolution rate, which was rationally higher than that of the nanoparticle sample. This 

performance was duly rationalized by DFT-based calculation and the reason for 

metallic nature was also duly elaborated. 

 

(3) Based on the results of the last part, a series of PB-derived Fe2N with different types 

of doped elements (Co, Cr, W and V) were successfully synthesized. The synthesized 
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method of rapid-nitridation had been applied again to produce the samples with cube-

like morphology. These doped Fe2N samples had been utilized for piezoelectric 

catalytic H2 evolution and the Co-doped Fe2N had achieved the highest activity. It was 

proved that the doping ratio would influence the catalytic performance critically. 

 

Furthermore, morphology was found be to another important factor for the piezoelectric 

performance because the nanocubic sample had a much higher H2 evolution rate than 

that of the nanoparticle sample. These doped Fe2N catalysts also had the ability to 

degradation of different types of dye, while improving their H2 production efficiency. 

In addition, the reason for the improved activity of doped nitrides had been 

demonstrated by the DFT calculation. 

 

In summary, this thesis reports several ordered porous TMN materials. They have 

exhibited considerable activity and properties in the application of H2 evolution. The 

relationship between the performance and the morphology as well as nanostructure has 

been demonstrated. These results provide the possibility for further research of TMNs 

used in more fields. 
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Chapter 2 

 

Methodology and Techniques 
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2.1 Synthesis methods 

2.1.1 Reagents 

All chemicals were analytical grade and obtained from commercial suppliers and used 

without further purification. Nonionic triblock copolymer Pluronic P123 (M = 5800) 

was purchased from Sigma-Aldrich, Inc. Potassium hexacyanoferrate (II) trihydrate 

{K4[Fe(CN)6]•3H2O, AR}, Polyvinylpyrrolidone K30 {(C6H9NO)n, GR}, 

Hydrochloric acid (HCl, AR), Ferric nitrate nonahydrate (Fe(NO3)3•9H2O, AR) and 

ethanol (C2H5OH, AR) were purchased from Sinopharm Chemical Reagent Co., Ltd. 

Cobalt nitrate hexahydrate (Co(NO3)2•6H2O, AR), chromic (III) nitrate nonahydrate 

(Cr(NO3)3•9H2O, AR), phospho-tungstic acid hydrate (H3[P(W3O10)4]•xH2O, AR), 

Sodium tungstate dihydrate (Na2WO4•2H2O, AR), Sodium metavanadate (NaVO3, 

99.9%), Triethanolamine (TEOA, C6H15NO3, AR) and tetraethyl orthosilicate (TEOS, 

C8H20O4Si, AR) were purchased from Aladdin Chemical Co., Ltd. Nickel nitrate 

hexahydrate (Ni(NO3)2•6H2O, AR) was purchased from the Tianjin Kermel Chemical 

Reagent Co., Ltd. Eosin Y disodium salt (C20H6Br4Na2O5, RG) was purchased from 

Adamas Reagent, Ltd. 

 

2.1.2 Synthesis of mesoporous materials 

Synthesis of SBA-15 Mesoporous Silica. Mesoporous SBA-15 hard template was 

synthesized following the procedure described by Zhao et al.[215] First, 3 g of nonionic 

triblock copolymer Pluronic P123 was dissolved in 16.5 mL of HCl (12 mol L-1) and 

112 mL of water. Then the solution was vigorously stirred for 3 h at 40℃. After the 
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complete dissolution of Pluronic P123, 7.427 g of TEOS was rapidly added to the acidic 

solution under continuous stirring. A synthesized gel was obtained after the mixture 

was allowed to stand for 24 h at 40℃; then the mixture was heated at 90℃ for 24 h 

under static conditions. The precipitate obtained after filtration was subsequently 

washed and dried. Finally, the template was removed from as-synthesized SBA-15 by 

calcination (550℃, 8 h). 

 

Synthesis of Ordered Mesoporous TMOs. Ordered mesoporous oxides were 

synthesized following a nanocasting route using SBA-15 as the hard template route, 

following Deng et al.[216] Typically, 0.5 g of SBA-15 and 0.8 mol L-1 of metal nitrates 

were used as precursors (i.e. Co(NO3)2•6H2O, Ni(NO3)3•6H2O, Cr(NO3)3•9H2O, and 

Fe(NO3)3•9H2O). Tungsten oxide was the only exception wherein the starting precursor 

used was phosphotungstic acid hydrate H3[P(W3O10)4]•xH2O), which was dissolved in 

3.6 mL of ethanol.  

 

To synthesize mesoporous mixed oxides, we used a similar process to the one described 

above. The only difference being that in this case, a ratio of 3:1 for Ni(NO3)3•6H2O and 

Fe(NO3)3•9H2O was applied respectively. After 30 min of stirring at room temperature, 

ethanol was removed using evaporation through heating of the mixture (overnight at 

60℃). Thereafter, the resulting precursor filled mesoporous silica composite was 

heated in a ceramic crucible at 250℃ for 4 h to completely decompose the nitrate 

species. The impregnation step was repeated with the metal salt solution according to 
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the above procedure in order to achieve higher loadings. After the evaporation of the 

solvent, the resulting metal precursor/silica composites were calcined at 550℃ for 6 h. 

The silica template was removed by treatment with 2 mol L-1 NaOH solutions. This was 

followed by several washes with deionized water and ethanol; thereafter the material 

was vacuum dried at 60℃. Then the TMO samples were attained. 

 

Synthesis of Ordered Mesoporous TMNs. Ordered mesoporous nitrides were 

synthesized from the corresponding nanostructured mesoporous oxides. The resulting 

mesoporous oxide (10 mg) was put in a quartz boat and then placed in the middle of a 

long quartz tube. After that, the air was pumped out and ammonia was filled into the 

tube; this process was repeated at least 3 times. Next, the temperature programming 

started after making sure that the furnace was placed in the right position, enabling 

homogeneous hydrothermal nitridation. Thereafter, when the setting temperature had 

reached, we waited for ~10 min (or more) for confirming its stability. Notably, it started 

to record the reaction time when the tube furnace was pushed to the position of the 

sample and starts heating. 

 

For the materials studied in this work, these conditions were applied: heating 330℃ for 

15 min of CoN, 600℃ for 10 min of WN, 800℃ for 30 min of CrN and 380℃ for 30 

min of Ni3FeN. The furnace was then cooled down naturally to room temperature in 

ammonia. The mesoporous nitride samples were duly collected. This process is called 

rapid-nitridation. 
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2.1.3 Synthesis of photocatalysts and piezoelectric catalysts 

Synthesis of MOF PB cubes and elements doped PB cubes. Potassium 

hexacyanoferrate (II) trihydrate (0.1 g) {K4[Fe(CN)6]•3H2O} and Polyvinylpyrrolidone 

K30 (3.8 g) {(C6H9NO)n} were dissolved in 50 mL, 0.1 mol L-1 HCl solution. The 

solution was then vigorously mixed and stirred for 30 mins at room temperature. 

Subsequently, the solution was moved to a hydrothermal vessel and heated for 24 h at 

80℃. The precipitates were collected by vacuum filtration or centrifugation and washed 

extensively using deionized water. Finally, the precipitates were dried at room 

temperature. The product thus obtained was MOF PB cubes. To synthesize elements 

doped PB cubes (Co, Cr, W, V for doping), the mole ratios of Co, Cr, W and V were 

regulated as 5 at% (15 at% also for V) of Fe element by adding the corresponding 

amount of Co(NO3)2•6H2O, Cr(NO3)3•9H2O, Na2WO4•2H2O and NaVO3 into the HCl 

solution, respectively. 

 

Synthesis of oxide and nitride cubes. As-synthesized PB or doped PB (0.1 g) was put 

in a quartz boat and dispersed to achieve a well-distributed state. The boat was then put 

in a muffle furnace and the temperature ramp was set at 1℃ min-1. When the 

temperature reached 350℃, the sample was allowed to soak for 1 h.  

 

Subsequently, 10 mg of the oxide obtained was moved to the middle of the tubes. The 

tube was placed in a rail tube furnace. After that, the air was pumped out and the tube 
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was filled with ammonia. This was repeated thrice, to avoid oxygen contamination. 

When the temperature approached 400℃, the sample was allowed to soak for ~10 mins 

for confirming the stability of the temperature. The reaction time of rapid nitridation 

was 30 mins, subsequent to which Fe2N or doped Fe2N (Co, Cr, W, V for doping) was 

produced. Then the sample obtained was used for measurements. 

 

2.2 Structure characterization 

2.2.1 Characterization of Samples 

XRD measurements were performed using a powder X-ray diffractometer (Rigaku 

Miniflex 600) with Cu-Kα radiation (λ = 1.54178 Å). The 2θ range was set from 10° to 

80° and the measurements rates were kept at 1° min-1. The small-angle XRD 

measurements were carried out using an X-ray diffractometer (D8 Advance Davinci) 

with Cu-Kα radiation (λ = 1.54178 Å) in the 2θ range from 0.3° to 5° at 1° min-1. 

 

The morphological structure and microstructures of the samples were characterized 

using SEM (FE-SEM, Hitachi S4800, Japan) and TEM (JEOL model JEM 2100 EX 

instrument) measurements. In addition, the high-resolution TEM, the SAED and 

elemental mapping measurements were also characterized using the same TEM 

instrument. 

 

The diffuse reflectance spectra of the samples were measured in the range of 200-800 

nm using a UV-Vis spectrophotometer (UV-Vis DRS, Hitachi U-3900, Japan) equipped 
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with an integrating sphere attachment. 

 

XPS was performed using an AXIS Ultra DLD (Shimadzu, Japan) spectrometer with 

Al Kα excitation (1486.6 eV); Carbon was used as the internal standard (C1s=284.9 eV). 

 

Nitrogen adsorption using BET area method (Micromeritics ASAP 2010, USA) was 

used to process the surface area measurement, whereas the pore size was assessed by 

the Barrett-Joyner-Halenda (BJH) method from the desorption branch of the isotherm. 

 

2.2.2 Characterization principles 

X-ray diffraction.[217] The periodic arrangement of atoms in 3D space would form the 

crystalline materials. Diffraction is a kind of scattering phenomenon. If the wavelengths 

of waves are similar or smaller than the diffracting object size at the atomic level, the 

diffraction would occur. The electrons that decelerate sharply would radiate high 

frequency electromagnetic waves, so the X-ray is produced when high-speed moving 

electrons collide with the anode target. The anode target is usually selected to be Cu-

Kα. Because the X-ray has a short enough wavelength, the crystal can be used as a 

spatial diffraction grating for X-rays. A beam of X-rays passing through the crystal 

would be diffracted; thereafter the superposition of diffracted waves would strengthen 

or weaken the intensity of rays in different specific directions. This phenomenon can 

be utilized to study the crystal structure and obtain detailed information on the chemical 

composition. The distribution of diffraction patterns is exclusive and determined by the 
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size, shape and orientation of the unit cell. The intensity of the diffraction line is 

determined by the atom types and their position in the unit cell.  

 

Bragg’s equation is a simple expression of the relationship between the diffraction line 

direction and crystal structure. 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆 

where d is an interplanar spacing, θ is the incident beam angle, n is an integer given by 

the diffracted beam order, λ is the X-ray wavelength, 2θ is the diffraction angle, hkl is 

the Miller indices, which can characterize the sets of parallel atomic planes and 

influence the diffraction peaks (Figure 2.1). 

 

The crystal planes have characteristic d-spacings in a different orientation for a specific 

crystal. When the monochromatic beam strikes the crystal at an angle theta θ, the 

diffraction only occurs when the d-spacing equals an integer of the wavelengths nλ. 

Different θ can lead to different d-spacings that satisfy Bragg’s equation conditions. 

The resulting diffraction peaks with different strengths and positions produce a 

characteristic pattern of the sample. 
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Figure 2.1 Bragg’s Law diffraction.[218] 

 

The lattice spacing that wide-angle X-ray diffraction can measure ranges from a few 

tenths to a few nanometers, which is the information of atomic arrangement. The 

materials that have a few to tens of nanometers structure require the small incident beam 

angle θ (~1-2°). In this range, the mesoporous structure can be clearly observed by 

small angle X-ray diffraction. 

 

Scanning electron microscope.[219] When a beam of ultrathin high energy incident 

electrons strikes the surface of samples, the exciting area will produce secondary 

electron, Auger electrons, characteristic X-ray and backscattered electrons. The 

backscattered electrons are part of the incident electrons that are reflected by the solid 

sample atoms, they can be used as imaging signals for analyzing the morphology and 

perform the qualitative composition analysis. The secondary electrons, which come 

from the range of 5-10 nm away from the surface, are the extranuclear electrons 

bombarded by incident electrons. They are sensitive to the surface state of the sample 
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and used for effectively displaying the microscopic morphology. When the inner 

electron of atoms is excited, the process of energy level transition would release 

characteristic energy by X-ray, which is called characteristic X-ray. Otherwise, another 

electron outside the nucleus would be ejected and become a secondary electron called 

Auger electron. The Auger electronic signal is appropriate for determination of surface 

chemical composition. These signals mentioned above would be collected by the 

detector and transported to the kinescope; then the image is displayed by raster scan 

(Figure 2.2). 

 

 

Figure 2.2 System of scanning electron microscopy.[220] 

 

Transmission electron microscopy.[221] Similar to X-ray, electrons can also be utilized 

for diffraction. TEM uses electrons generated by an electron gun for diffraction studies. 
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According to the de Broglie equation λ = h/mv and the kinetic energy equation E = 

mv2/2, the electron wavelength is: 

𝜆 =
ℎ

√2𝑚𝐸
 

When the electron beam has a high enough accelerating voltage of 120 kV, the crystal 

structure would be obtained. Here the wavelength λ is 0.0335 Å. 

 

 

Figure 2.3 The system of transmission electron microscopy.[222] 

 

Moreover, TEM is also utilized as microscopy that can achieve a higher resolution than 

a normal optical microscope due to the wavelength of the electron is much shorter than 
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that of the visible light. The electron beam can carry the structural information inside 

the sample. Because the amounts of electrons transmitted through the dense and sparse 

parts are different. The scattering angle of electrons is large at the thick positions of 

sample. Thus, fewer electrons can pass through these positions, which leads to the 

darker brightness of image. 

 

Ultraviolet and visible spectrophotometry.[223] The UV-vis spectrophotometry is a 

method of measuring the absorbance of substances in the wavelength range of 190~800 

nm, which is used for identification, impurity inspection and quantitative determination. 

When the monochromatic light radiation passes through the measured substance 

solution, the relationship among the physical quantities can be described by Lambert-

Beer’s Law as follows: 

𝐴 = 𝑙𝑔
1

𝑇
= 𝐸𝑐𝑙 

where A is the absorbance, T is the light transmittance, E is an absorption coefficient 

(the absorbance value when the solution is 0.01 g/mL and the liquid layer thickness is 

1 cm), c is the weight (g) of the substance contained in the 100 mL solution, l is the 

liquid layer thickness. 

 

In the concern experiments, a series of test solutions have been prepared, their 

absorbances are tested at the specified wavelength, then the contents are calculated 

based on the absorption ratios. 
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Figure 2.4 The principle of ultraviolet and visible spectrophotometry.[224] 

 

X-ray photo-electron spectroscopy.[225] XPS can be used for qualitative analysis and 

semi-quantitative analysis. Generally, the information of element composition, 

chemical state and molecular structure on the surface can be obtained from the peak 

position and shape of the XPS spectrum. The element concentration can be obtained 

from the peak intensity.  

 

When a beam of photon irradiates the surface of the sample, the photon can be absorbed 

by the electron in the atomic orbit of a certain element, so that this electron is released 

from the atom with a certain kinetic energy and become a free photoelectron (Figure 

2.5). Meanwhile, the left atom would become an excited ion. According to the 

Einstein’s Law of photoelectric emission: 

𝐸𝑘 = ℎ𝜈 − 𝐸𝐵 

where Ek is the kinetic energy of the emitted photoelectron, hν is the energy of X-ray 

source photon, EB is the binding energy on a specific atomic orbital.  
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It is obvious that for a specific monochromatic excitation source and a specific atomic 

orbital, the photoelectron energy is characteristic. Thus, it is possible to analyze the 

element types of substances based on the binding energy of photoelectrons. In addition, 

due to the different chemical environments of atoms, the inner shell electron binding 

energy would have a change, which is performed as the shift of the peak on the spectrum. 

Significantly, XPS is a typical surface analysis method because only the photoelectrons 

emitted from a thin layer near the surface of the sample can escape. The information 

depth (d) is decided by the electron escape depth (λ), which follows the equation of d 

= 3λ. Generally, the λ for metal is 0.5-3 nm, for inorganic non-metal material is 2-4 nm, 

for organic compound and polymer is 4-10 nm. 

 

 

Figure 2.5 The principle of X-ray photo-electron spectroscopy.[226] 
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Brunauer-Emmett-Teller area method.[227] Brunauer, Emmett and Teller proposed 

the BET multi-molecular layer adsorption theory in 1938 and expressed the conclusion 

as BET equation. The basic assumptions of the model used in the derivation are: (1) the 

solid surface is uniform and multi-layer adsorption occurs; (2) the adsorption heat of 

each layer except the first layer is equal to the heat of liquefaction of the adsorbate. 

 

Nitrogen and helium are used as the adsorbate and carrier gas. These two kinds of gases 

are mixed in a certain proportion to reach the specified relative pressure, then they flow 

through the solid sample. When the sample tube is put into liquid nitrogen, the sample 

starts to physically adsorb the nitrogen in mixed gas, which shows the adsorption peak. 

After the liquid nitrogen is removed, the adsorbed nitrogen is desorbed, which shows 

the desorption peak. Finally, a known volume of pure nitrogen is injected into the mixed 

gas to obtain a correction peak. According to the peak areas of the correction and the 

desorption peak, the adsorption capacity of the sample under the relative pressure can 

be calculated. By changing the mixing ratio of nitrogen and carrier gas, several 

adsorption capacities under different relative pressures of nitrogen can be measured. 

The specific surface area can be calculated according to the BET equation. 

 

2.3 Photocatalytic and piezoelectric catalytic activity measurements 

2.3.1 Photocatalytic H2 evolution measurements 

Photocatalytic H2 evolution activities were carried out in a Pyrex top-irradiation vessel 

connected to a glass closed gas circulation system. The temperature of the reactant 
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solution was maintained at 5℃ through the flow of cooling water during the reaction. 

A 300 W Xenon lamp (PLS-SXE300C, Perfectlight) was used as the visible light source. 

The irradiation area was 18.1 cm2 and the incident light power density was 304 mW 

cm−2. Typically, 5 mg of the catalyst and 80 mg of EY were dispersed in 80 mL of a 10% 

(v/v) triethanolamine-water (TEOA-H2O) solution by ultrasonication for 15 mins. 

 

The cyclic stability of the catalyst was tested as follows and the initial reaction amount 

of EY was 20 mg. After the first run, under visible light irradiation, the photocatalytic 

system was thoroughly degassed. Then 20 mg of fresh EY, 2 mL of TEOA and 15 mL 

deionized water were added without any other treatments like centrifugation and 

washing. Subsequently, the thoroughly degassed system was irradiated again using a 

300 W Xe lamp. For simplification treatment and comparison, unless specifically 

mentioned, the photocatalytic activity of hydrogen evolution was carried out at pH = 

11. The pH values of the reaction solution were adjusted by the addition of hydrochloric 

acid (HCl) or sodium hydroxide (NaOH). This measurement was processed by an 

online gas chromatograph with a thermal conductivity detector (Scion GC-9790, Ar as 

carrier gas). 

 

2.3.2 Piezoelectric H2 evolution measurements 

The piezo-catalytic reaction was performed in a hermetic Ar atmosphere under room 

temperature. The ultrasound resource was from a Kunshan Jielimei ultrasound cleaner 

(KS-100DE, 120 W). The output power was set as 100% as the default value and the 
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frequency was 40 kHz. Then 5 mg of catalyst was added in 10 mL deionized water in a 

Pyrex reaction cell. In order to degas the air in the system, the solution was purged by 

argon for 10 min before the reaction. By default, the reaction was continued for 1 h for 

H2 evolution. The mixed gas containing H2 production in the reaction cell was extracted 

by a 100 mL injector for measurement. This measurement was processed by an online 

gas chromatograph with a thermal conductivity detector (Scion GC-7900, Ar as carrier 

gas). 

 

2.4 Electrochemical measurements 

2.4.1 Electrochemical characterization 

The electrochemical tests were conducted on an electrochemical workstation (CHI760E, 

CH instrument) with a conventional three-electrode cell. A Pt plate (1 cm × 1 cm) was 

employed as the counter electrode and an Ag/AgCl (saturated KCl) electrode was used 

as the reference electrode. The working electrode was prepared on a rotating ring-disk 

GCE with a diameter of 5 mm. The exposed area of the working electrode was 0.19625 

cm2. The GCE was polished with α-Al2O3 powder with decreasing sizes (1.0 - 0.05 μm), 

and it was then ultrasonically washed with deionized water and absolute ethanol before 

the samples were coated on it.  

 

The electrode materials in chapter 4 were prepared by dispersing 5 mg of the catalyst 

and 1 mL mixed solution, which was compounded by 25 μL of Nafion solution, 250 μL 

of ethanol and 750 μL of water. The mixture was then sonicated for about 1 h at room 
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temperature to form a homogeneous ink. 10 μL of the ink (containing 0.05 mg of 

catalyst) was loaded onto the GCE, giving a loading mass of 0.25 mg cm-2. The same 

procedure was used for all of the samples during their electrode preparation. The EIS 

and CV measurements were respectively performed in the Fe ions solution (K4[Fe(CN)6] 

and K3[Fe(CN)6] with mole ratio of 3:2) by applying an AC voltage with -1.5 mV 

amplitude in a frequency range from 100 kHz to 1 Hz. The bias sweep range was from 

-0.4 V to 0.8 V; the scanning rate of 0.1 V/s. The polarization curve was performed in 

the 0.2 M aqueous Na2SO4 solution with the bias sweep range from -1.6 to 0 V vs. 

Ag/AgCl. The specific capacitance was calculated according to the formula of C = 

∫ 𝐼𝑑𝑉

𝑉∆𝐸
, where C (F) is the total capacitance, ∫IdV is the areas of close curves, ΔE is the 

electrochemical window, v is the scanning rate. 

 

The experimental method of chapter 5 had shown here. The 2.5 mg samples were 

dispersed into 500 μL N, N-dimethylformamide solution with 0.15% Nafion solution. 

After ultrasonication for 30 min (i.e. to form a paste-like suspension), the slurry was 

obtained. Then, 10 µL of the slurry was spread onto the rotating ring-disk electrode, 

giving a loading mass of 0.25 mg cm-2. The working electrode was further dried at 60℃ 

for 10 min to improve adhesion. The same procedure was used for all of the samples 

during their electrode preparation. The EIS and CV measurements were respectively 

performed in 0.2 M aqueous Na2SO4 solution by applying an AC voltage with -1.5 mV 

amplitude in a frequency range from 100 kHz to 0.01 Hz. The bias sweep range was 

from -1.6 V to 0.6 V; the scanning rate of 0.1 V/s. The polarization curve was performed 
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in the same above-mentioned three-electrode system, while the bias sweep range was 

from -1.5 to -0.5 V vs. Ag/AgCl with the electrolyte of 0.2 M aqueous Na2SO4 solution. 

The specific capacitance was calculated according to the formula of C = 
∫ 𝐼𝑑𝑉

𝑉∆𝐸
, where 

C (F) is the total capacitance, ∫IdV is the areas of close curves, ΔE is the electrochemical 

window, v is the scanning rate. 

 

2.4.2 Electrochemical characterization principles 

Cyclic voltammetry.[228] CV is generally a method of applying a voltage with a 

constant scanning speed to the electrode and continuously observing the relationship 

between the electrode surface current and the electric potential. It can be used to 

characterize the reaction on the electrode surface and to explore the mechanism of the 

electrode reaction. CV is usually utilized in the measurement of solution systems and 

used to characterize the properties of electrode modification materials and soluble 

molecules. CV can be qualitatively analyzed as follows. It is done by evaluating: (1) 

reversibility of electrode reaction, (2) reaction steps and mechanism, and (3) 

performance of electrode materials. 

 

The input signal of CV is a cyclic triangular wave, the obtained current voltage curve 

includes two branches. When the first half of the potential is scanned to the cathode, 

the electroactive substance will be reduced on the electrode and produce a reduction 

wave. Then the second half of the potential is scanned to the anode, the reduction 

product will be oxidized on the electrode again and produce an oxidation wave. After a 
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triangular wave scanning, the electrode completes a cycle of reduction and oxidation 

process. 

 

The peak height and symmetries of the oxidation and reduction waves in the cathode 

and anode directions can indicate the reversibility of the reaction of electroactive 

substances on the electrode surface. If the reaction is reversible, the curve is symmetric; 

vice versa. In general, with the increase of the sweep speed, the distance between two 

tops of peaks also increases (Figure 2.6). The reverse reaction of irreversible reaction 

is very slow so that the current peak in the back sweep usually vanishes. 

 

 

Figure 2.6 (a) Typical examples of CV curves. (b) CV curves under conditions of 

different sweep speeds.[229] 

 

Electrochemical impedance spectroscopy.[228] EIS is also called AC impedance. 

When the electrochemical system is regarded as an equivalent circuit, EIS is defined as 

a kind of electrochemical measurement method using a small amplitude sine wave 
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current as input disturbance signal. The output is a sine wave potential signal and the 

transmission function is called impedance. The three basic conditions of EIS are 

causality, linearity and stability. 

 

The impedance Z is a vector that varies with the frequency, which is usually expressed 

by the complex function of angular frequency ω: 

𝑍 = 𝑍′ + 𝑗𝑍′′ 

where the j is the imaginary unit, Z’ is the real part and the Z’’ is the imaginary part. 

The norm and the phase angle Ф are calculated as follow: 

|𝑍|2 = 𝑍′2 + 𝑍′′2 

tan𝜙 =
−𝑍′′

𝑍′
 

Under different frequencies, these results are expressed as various EIS curves (Nyquist 

and Bode images). 

 

 

Figure 2.7 (a) The simulated electrochemical environment. (b) The equivalent 

circuit.[230] 
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Figure 2.8 The typical EIS Nyquist image.[230] 

 

The impedance Z of the equivalent circuit in Figure 2.7 is: 

𝑍 = 𝑅Ω +
1

𝑗𝜔𝐶𝑑 +
1

𝑅𝑐𝑡 + 𝜎𝜔
−
1
2(1 − 𝑗)

 

where the RΩ is the internal resistance including the resistance of the solution and the 

measuring circuit; the Cd is the surficial double-electric layer capacitance; the Rct is the 

charge transfer resistance during the electrochemical reaction; the Zw is the impedance 

caused by diffusion process; the σ is a coefficient related to the transfer of matter. The 

typical EIS image result is shown in Figure 2.8. The ω decreases from the left side of 

the semicircle (∞) to the right side (0). Here, the ω in the midpoint of the semicircle and 

the Z’ at the intersection of the slope line and the x-axis are: 
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𝜔 =
1

𝑅𝑐𝑡𝐶𝑑
 

𝑍′ = 𝑅Ω + 𝑅𝑐𝑡 − 2𝜎
2𝐶𝑑 

The transfer control is expressed as a straight line with a slope equal to 1. 

 

Linear Sweep Voltammetry.[229] LSV usually applies three electrode systems 

composed of a working electrode, counter electrode and reference electrode for analysis. 

The working electrode and the reference electrode form a potential loop to control the 

input potential signal, meanwhile the working electrode and the counter electrode form 

a current loop to collect the output current signal. Then the qualitative and quantitative 

analysis of the material is performed. 

 

In LSV testing system, the polarization mainly occurs on the working electrode, so the 

charge and material transfer process at the working electrode - solution interface has 

become the speed control step of the whole current loop, which determines the change 

of current and the shape characteristics of the diagram. The Faraday current produced 

on the working electrode generally consists of three parts: (1) the transfer or transport 

of electrons on the electrode conductor; (2) the heterogeneous electron transfer process; 

(3) the matter transfer from the liquid phase mass to an electrode - solution interface. 

 

By changing the potential of the working electrode, the highest energy level (Fermi 

level) occupied by electrons on the electrode has changed. The negative or positive shift 

of electrode potential leads to the rise or fall of Fermi level, respectively. In the 
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electrode reduction or oxidation process, the applied electrode voltage should be 

enough to make the electrode potential higher than the LUMO energy level or lower 

than the HOMO energy level; then the electrons would transfer from the electrode to 

the solution and promote the reaction. The difference between Fermi level and LUMO 

or HOMO is larger, the activation energy is higher and the electron transfer is faster. 

 

2.5 Computational methodology 

The electronic characteristic calculations in chapter 4 were conducted based on DFT 

implemented in the quantum Espresso Package on a plane wave basis.[231] The 

experimental data were used as the initial structure and the optimization was performed 

using Broyden, Fletcher, Goldfarb, and Shannon (BFGS) algorithm until the residual 

forces were less than 10-4 eV.[232] In wave vector k space, plane wave cut-off energy 

was set to 45 Ry and a 6×6×6 Monkhorst-Pack k-point mesh was used to sample the 

Brillouin zone of slabs. 

 

All density functional theory (DFT) calculations in chapter 5 were performed in 

Quantum Espresso Package.[231] The projector augmented wave (PAW) pseudo-

potentials were for considering the interaction of ions and core electrons. The valence 

electronic configurations were 2s 2p for N and 3d 4s for Fe, 3s 3p 4s 3d for Co, V, Cr, 

while 5d 6s of W was treated as the valence electrons. We had used the generalized 

gradient approximation (GGA) of Perdew, Burke and Ernzerhof (PBE) to calculate the 

exchange and correlation terms.[233] Broyden, Fletcher, Goldfarb, and Shannon (BFGS) 
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algorithm was adopted for the variable cell optimizations.[232] The (001) surface of Fe2N 

was built via the slab model. One of the top Fe atoms had replaced with the dopant atom 

on the Fe2N surface. A vacuum region of 15 Å was considered above the doped surfaces 

to prevent interactions between surfaces and periodic images. The same number of 

atoms consists of 2×2×4 unit cells in 8 layers had been used for all the slabs. The 

experimental result was used as a starting point and then the crystal structure was fully 

relaxed until the residual forces on each atom were less than 10-4 eV/Å; the tolerances 

for geometry optimization were within 10-6 eV/atom. In wave vector k space, plane 

wave cut-off energy was set to 55 Ry and a 6×6×1 Monkhorst-Pack k-point mesh was 

used to sample the Brillouin zone of slabs. In addition, the d-band center model is also 

considered an outstanding descriptor for hydrogen catalytic reactions.[234,235] 

 

2.6 TON and TOF calculation 

For the photocatalytic water splitting, the TON was measured when the photocatalytic 

reaction reached the material surface, while the TOF was measured in forming time 

during the reaction. 

TON =  
𝑡ℎ𝑒 𝑚𝑜𝑙𝑎𝑟 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑡ℎ𝑒 𝑚𝑜𝑙𝑎𝑟 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑡𝑜𝑚𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
 

TOF =  
𝑡ℎ𝑒 𝑚𝑜𝑙𝑎𝑟 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑡ℎ𝑒 𝑚𝑜𝑙𝑎𝑟 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑡𝑜𝑚𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 × 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (𝑠)
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Chapter 3 

 

Ordered Mesoporous Transition Metal Nitrides 

Prepared through Hard Template Nanocasting and 

Rapid-Nitridation Process 

  



82 

 

3.1 Introduction 

Although there are various of synthesis methods for producing TMNs, it is not equally 

easy to make various porous nitride materials. That is, certain porous nitrides lend 

themselves to high-temperature synthesis rather readily, while others do not. For 

instance, CoN and CrN are synthesized readily using long nitridation processes; these 

materials do not show the collapse of the nanostructures even after long nitridation 

runs.[185] This is due to their low diffusion rate coefficient and surface oxide layers that 

stabilize the material.[236,237] Therefore, there is a need to synthesize nitrides of 

transition metals, including those whose constituent elements have high diffusion rates 

(e.g. W, Fe).[238] To achieve this, a rapid process that is also high yield would be 

important. 

 

Most of TMNs can be synthesized by rapid-nitridation while keeping their expected 

patterns, especially including some metal nitrides that are extremely hard to approach 

pure phase and order structures. The rapid process of heating can aid in bypassing the 

collapse of structures and forming pure phases. Furthermore, ensuring rapid phase 

formation helps avoid aggregation, grain growth, and coalescence. Especially, the 

method of rapid-nitridation has not been researched in the previous paper according to 

the introduction in chapter 1, so it could become a promising synthesis field in the 

future. Hence it is evidently valuable to develop methods for the rapid synthesis of 

nitrides. 
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Herein, we report a novel hard template/rapid-nitridation synthesis of ordered 

mesoporous metal nitrides, which is based on a nanocasting-thermal nitridation process. 

This method uses 2D ordered hexagonal mesoporous SBA-15 as the hard template, 

which in turn offers the necessary stable scaffold for high-temperature crystallization 

and large specific surface area. A series of TMNs including CoN, WN, CrN, and Ni3FeN 

with ordered and regular mesoporous structures have been successfully synthesized 

within 30 min using temperatures in the range ~330-800℃ from the corresponding 

mesoporous oxides. A comparative experiment shows that when long heating processes 

are employed, ordered mesopores are hard to maintain anymore. This proves the 

necessity and universality of this synthesis method of rapid-nitridation for keeping 

nanostructures of materials. 

 

3.2 Results and discussion 

3.2.1 Synthesis and XRD, BET characterizations of mesoporous TMNs 

The preparation of mesoporous nitrides via a nanocasting-rapid thermal nitridation 

approach is performed using hexagonal mesoporous silica SBA-15 as a hard template. 

The BET specific surface area of the as-synthesized SBA-15 template is 733.8 m2g-1, 

with a pore volume of ~1.15 cm3 g-1 and a pore diameter of ~6.8 nm (Figure 3.1). 
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Figure 3.1 BET isotherm curve and pore size distribution of as-synthesized SBA-

15 template. 

 

 

Figure 3.2 Schematic illustration of the synthesis strategy of mesoporous nitrides. 

 

The synthesis procedure involves a cooperative templating mechanism. As is 

illustrated (Figure 3.2), the process involves three steps: (i) impregnation of 

metal nitrates precursor, (ii) removal of silica hard template, and (iii) subsequent 

rapid-nitridation. Firstly, the hexagonal SBA-15 hard template is prepared under 
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hydrothermal and calcination conditions according to the previously established 

procedures.[185,215] Afterwards, several types of mesoporous metal oxides 

including Co3O4, WO3, Cr2O3 and Ni3FeOx are synthesized through impregnation 

of their corresponding metal nitrates in mesoporous hard templates in ethanol 

solution. 

 

After the evaporation/calcination process, a second reimpregnation and 

subsequent in situ conversion lead to metal oxides/SBA-15 composites, after 

calcination at 550℃. The silica template is then removed with a concentered 

hydroxide sodium solution (2 mol L-1). Finally, the mesoporous TMNs are 

obtained through rapid-nitridation in a tube furnace from the corresponding 

oxides. The conditions of 330℃ for 15 min, 600℃ for 10 min and 800℃ for 30 

min were used to obtain CoN, WN and CrN, respectively. Likewise, 380℃ is 

used for 30 min to obtain Ni3FeN. It should be noted that all the reaction times 

are calculated based on the time wherein they enter the set temperature region, 

to the time wherein they quit the heating environment. Finally, these nitrides are 

stored in sample cells for further tests and measurements. 
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Figure 3.3 (a) Wide-angle XRD patterns of mesoporous transition metals oxides 

and (b) their corresponding mesoporous transition metals nitrides. 

 

The structural properties of a series of mesoporous TMOs precursors and their 

derived TMNs have been studied using XRD and TEM analysis. The wide-angle 

XRD patterns of TMOs are displayed in Figure 3.3a. All of the monoxide 

samples show well-defined diffraction peaks corresponding to their standard 

cards. For instance, the samples of Co3O4, WO3 and Cr2O3 are indexed as the 

crystal faces of the cubic phase (JCPDS card 00-043-1003), tetragonal phase 

(JCPDS 01-089-4481), and trigonal phase (JCPDS 00-038-1479), respectively. 

The XRD pattern of the mesoporous mixed-oxide Ni3FeOx shows characteristic 

diffraction peaks that could be well indexed to a mixture of NiO and Fe2O3 oxides. 
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The diffraction peaks appearing at 2θ = 30.27°, 35.69°, 37.31°, 43.34°, 57.40°, 

63.01°, 74.54° and 79.55° are attributed to (206), (119), (226), (0012), (1115), 

(4012), (3315) and (4412) crystal planes of the cubic phase Fe2O3 (JCPDS card 

00-025-1402), respectively. Among these main peaks, the diffraction peaks 

observed are at 37.26°, 43.29°, 62.88°, 75.42° and 79.41°. These correspond to 

(111), (200), (220), (311) and (222) crystal planes of the cubic phase NiO (JCPDS 

card 03-065-5745), respectively. 

 

Figure 3.3b shows the XRD profiles of all the binary nitrides (CoN, WN and 

CrN). The peaks correspond to the expected cubic phases (JCPDS card 00-016-

0116, 01-075-1012 and 03-065-2899). Ternary Ni3FeN nitride has its main peaks 

at 41.53°, 48.34° and 70.82°, which is attributed to the (111), (200) and (220) 

lattice planes of the cubic phase Ni3FeN phase (JCPDS card 00-050-1434). 

Typical Rietveld refined XRD patterns of mesoporous nitrides show that CoN, 

WN and CrN crystallize in the NaCl-type cubic phase (Figure 3.4). The Ni3FeN 

sample shows a reverse perovskite phase. Notably, the CoN sample includes two 

phases, which is confirmed by the presence of peaks at 42.66° and 44.49° 

indexing to the (111) and (210) planes can be assigned to CoN in 

Pnnm (58) space group, while there is a very slight peak at 44.49°; this can be 

indexed to the (210) lattice plane of Co2N accompanied by the increase of the 

intensity of the peak at 42.66° (JCPDS card 03-065-1458). This phase may be 

produced by over-reduction. 
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Figure 3.4 Rietveld refined XRD pattern of the samples (inset show their simulated 

crystal structure); (a) CoN (Co2N), (b) WN, (c) CrN and (d) Ni3FeN. 

 

To investigate the regularity of mesopores, materials are examined using low-

angle XRD. Figure 3.5 displays low-angle XRD patterns of the mesoporous 

silica SBA-15, intermediate replica mesoporous oxides and corresponding metal 

nitrides. The diffractograms of the hard template SBA-15 exhibits obvious 

diffraction centered at 2θ = 0.93°, and two low-intensity peaks at about 2θ = 1.86° 

indexed to (100), (110) and (200), respectively. This indicates the hexagonal 

crystal structure of SBA-15.[239,240] After the nanocasting process, compared with 

the template SBA-15, all of the diffractograms of mesoporous oxides and their 

corresponding nitrides show a diffraction peak assigned to (100) reflection, 
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indicating the presence of a well-ordered mesostructure. The wide-angle powder 

XRD patterns of mesoporous SBA-15 (Figure 3.6a) shows a very broad single 

peak at about 23° in 2θ with a Cu-Kα source, which is a characteristic of the 

amorphous silica to the pristine.[241] This peak disappears for all of the 

mesoporous oxides confirming the removal of the template. 

 

 

Figure 3.5 (a) Low-angle XRD patterns of SBA-15, Co3O4, WO3, Cr2O3 and Ni3FeOx, 

as well as those of (b) SBA-15, CoN, WN, CrN and Ni3FeN. 

 

 

Figure 3.6 (a) Wide-angle powder XRD patterns of mesoporous SBA-15. (b) 

TEM images of mesoporous hard template SBA-15. 
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Figure 3.7 BET isotherm curve of mesoporous Co3O4, WO3, Cr2O3 and Ni3FeOx. 

 

To further confirm the mesoporous nature of as-synthesized materials, the N2 

adsorption-desorption isotherms of samples are measured and displayed (Figure 

3.7). The nanocasting mesoporous oxides show a type IV isotherm with a clear 

hysteresis loop between p/p0 = 0.75 and p/p0 = 0.9, which is characteristic for 

mesoporous materials. The multiple-point BET surface area is 99.92, 83.75, 

67.22, 43.15 m2g-1 for Co3O4, Ni3FeOx, Cr2O3 and WO3. The pore-size 

distribution determined by the BJH method indicates the mesopore-size 

distribution with wide distribution at the range of 5-7 nm. According to the result 

of previous research of a similar synthesis method (hard-template approach), the 

template-free mesostructured Ni3FeN has BET surface area of 52 m2g-1 with pore 

size distributions ranging around 5-8 nm.[165] Thus, the surface area of Ni3FeN is 

decreasing due to the slight collapse of the sample in nitridation. The pore size 
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range is still similar, which means the mesostructures are maintenance. 

 

3.2.2 Morphology and XPS characterizations of mesoporous TMNs 

 

Figure 3.8 The high- and low-magnification TEM images of (a, i) Co3O4, (b, j) 

WO3, (c, k) Cr2O3, (d, l) Ni3FeOx and (e, m) CoN, (f, n) WN, (g, o) CrN, (h, p) 

Ni3FeN. 

 

The texture of the mesoporous materials is investigated using TEM. The high-

magnification images of the synthesized mesoporous TMOs and TMNs have 

been shown. As illustrated in Figure 3.8a-d, all four types of TMOs reveal a 
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highly ordered mesoporous structure with uniform distribution of nanoparticles 

in agreement with low-angle XRD. This ordered mesoporous structure derived 

from their SBA-15 template has been shown in Figure 3.6b highly ordered 

mesoporous structure with a two-dimensional straight-channel. The wall 

thickness of mesoporous oxides Co3O4, WO3, Cr2O3 and Ni3FeOx is found to be 

about 8.9 nm, 8.3 nm, 8.7 nm and 8.3 nm, respectively. This is consistent with 

the known diameter of SBA-15 suggesting that the metal nitrates are indeed 

confined and grow into the hexagonal SBA-15 channels.[114,239,240] 

 

As the results have shown, after the fast nitridation process the TEM of 

mesoporous nitrides CoN, WN, CrN and Ni3FeN remain a similar 

nanoarchitecture with a wall thickness of 8.9 nm, 7.3 nm, 8.6 nm and 8.8 nm, 

respectively (Figure 3.8e-h). Evidently, the nitridation process does not affect 

the mesoporous nature of nitride materials. These results are further supported 

by the low-magnification TEM images of TMOs and TMNs (Figure 3.8i-p). The 

morphology observed is very close to that of the parent template demonstrating 

the retention of the mesoporous structure during the reduction and oxidation.[242] 

The TEM images indicate that the composition does not have much effect on the 

final morphology of the as-prepared nitrides. The nitrides in fact achieve similar 

porosity to their mother oxides after rapid-nitridation. This is in line with 

previously reported works after solid/solid transformations.[243–245] The uniform 

spherical mesopores are consistent with low-angle XRD and transmission 
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electron microscopy (TEM), which reveal that the mesostructures can be well 

maintained. 

 

 

Figure 3.9 TEM images of (a) WN and (b) Ni3FeN after long-time reaction (60 

min). 

 

To investigate the effect of time nitridation, Figure 3.9 displays TEM of WN and 

Ni3FeN synthesized in the same condition but at relatively long thermal 

nitridation durations (60 min). Compared to previous samples, these samples 

exhibit irregular and collapsed mesoporous structures due to prolonged heating 

time. This is because the metal with high diffusion rates can react with NH3 and 

increase the disorder under a long reaction duration, which makes the crystal 

structure accomplish the process of collapsing. This comparative study evidently 

proves that the synthesis of WN and Ni3FeN with rapid-nitridation time keeps 

the intact mesoporous structure, allows for interconnected pores and prevents the 

closure and collapse of pores. 
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Figure 3.10 HRTEM images and their SAED pattern (inset) of (a) CoN, (b) WN, 

(c) CrN and (d) Ni3FeN. Elemental mapping of images of Ni3FeN nanoparticles. 

(e) EDS line scanning profiles of (f) Ni, (g) Fe and N (h). 

 

 

Figure 3.11 Elemental mapping of ordered mesoporous CoN (a-c), WN (d-f), 
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and CrN (g-i). 

 

To further investigate the lattice structures and distribution of elements in 

mesoporous TMNs, the results of the HRTEM and the elemental mapping images 

of Ni3FeN sample are shown. It can be seen from the HRTEM image (Figure 

3.10a) that there are two clearly distinct lattice fringes with an interplanar 

distance of about 0.22 and 0.21 nm corresponding to the (200) crystalline plane 

in CoN phase and (111) crystalline plane of Co2N phase. This is in agreement 

with the XRD results. For the other mesoporous nitride samples, Figure 3.10b-

d shows distinct lattice fringes associated with WN, CrN and Ni3FeN; these 

indicate interplanar distances of 0.25 nm, 0.25 nm and 0.21 nm, respectively. 

Additionally, all of them coincide with their (111) crystalline in the cubic phase. 

This indicates that the crystal structures of all mesoporous patterns are rather 

uniformly orientated. The elemental mapping images of mesoporous ternary 

nitride Ni3FeN (Figure 3.10e-h) confirm the homogeneous distribution of Ni, Fe, 

and N elements. Furthermore, we can observe a uniform distribution for each 

element in all of the binary nitrides (Figure 3.11).  
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Figure 3.12 High-resolution XPS spectra for (a) Co 2p and N 1s of CoN, (b) W 

4f and N 1s of WN, (c) Cr 2p and N 1s of CrN and (d) Ni 2p, Fe 2p and N 1s of 

Ni3FeN. 

 

Meanwhile, XPS is employed to further investigate the chemical states of as-

synthesized mesoporous TMN. Figure 3.12a displays the XPS high-resolution 

Co2p and N1s in the CoN sample. The Co2p spectra are fit for two binding 

energy Co2p1/2 and Co2p3/2 and each one is divided into four components. The 

main peaks that exist at 779.2 eV can be assigned to the metallic Co.[246] The 

peak centered at 780.1 eV is attributed to Co2+ suggests the partial oxidation of 

the surface.[108,247,248] The fitted components centered at the binding energy of 
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782.0 and 786.3 eV correspond to Co3+ and Co2p satellite peaks which are similar 

to previous reports.[249] 

 

The N1s peak indicates two contributions. The peak at 398.1 eV confirms the 

presence of the Co-N species on CoN. The high binding-energy component noted 

at 400.4 eV is likely from the incomplete reaction of mesoporous mixed-oxide 

with NH3. This feature is most of the time detected at the surface of high energy 

metal nitrides such as metallic Ni3N nanosheets cobalt molybdenum 

nitrides.[250,251] Similarly, Figure 3.12b displays high-resolution peak images of 

W and N in the WN sample. The W4f is fitted in two peaks centered at 35.7 eV 

and 37.8 eV W-O in (4f7/2) and (4f5/2) respectively. On the other hand, the 

components at 33.4 eV and 35.2 eV, corresponding to metallic tungsten in WN. 

Also, their N1s spectra also exhibit metal-N peaks at 397.1 eV and 399.4 eV, 

while the N-H peaks are centered at 401.9 eV. These results mean that the 

tungsten has been successfully combined with the nitrogen element. Also, there 

is a slight reduction in the oxide with NH3. 

 

As shown in Figure 3.12c, the high-resolution XPS of Cr and N in CrN. Cr2p 

exhibits two doublet binding energy Cr (2p3/2) and Cr (2p1/2); each one is divided 

into two components and assigned to the Cr-N and Cr-O.[108,248,249,252] The N1s 

spectrum exhibits two components that can be associated with the Cr-N peaks at 

396.6 eV and the N-H bond centered at 398.9 eV (in accordance with previous 



98 

 

reports).[108,248,249,252] 

 

According to Figure 3.12d, the high-resolution Ni2p, Fe2p and N1s spectra of 

mesoporous bimetallic iron-nickel nitride. Ni2p exhibits three main 2p3/2 peaks 

at 852.6 eV, 855.3 eV and 861.0 eV, which can be attributed to Ni-N, Ni-O and 

Ni satellite peaks. They coincide with the 2p1/2 peaks at 869.9 eV, 873.0 eV and 

879.0 eV.[250,251] For Fe2p component, four peaks can be observed at 707.1 eV 

(2p3/2) ,720.5 eV (2p1/2), 711.4 eV (2p3/2) and 724.7 eV (2p1/2). These are assigned 

to metal-Fe, Fe3+ in the oxide.[240,253,254] The Fe satellite peaks are located at 718.2 

and 732.0 eV. As far as N1s spectra can be divided into two peaks at 397.62 and 

399.57 eV, which in turn can be assigned to Ni/Fe-N bond and N-H.[108,253,255,256] 

 

The structural, textural, and spectroscopic results confirm the formation of 

mesoporous TMOs and subsequent formation of corresponding nitrides; which 

retain the mesoporous nature. 

 

3.3 Conclusions 

In summary, a series of ordered mesoporous TMN materials namely CoN, WN, 

CrN and Ni3FeN are successfully synthesized using a hard-template-based 

method, and rapid-nitridation process within 30 min using a rather modest (in 

comparison with most ammono thermal processes) temperature range of 330-

800℃. Utilization of (i) ordered porous precursors, (ii) pre-heating and (iii) pre-
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passing the ammonia for rapid-nitridation process is proved to be the key factors 

for efficiently shortening the nitridation and suppressing the closure or collapse 

of the mesoporous structures of TMNs materials. 

 

These results indicate that the template-based rapid-nitridation approach for the 

synthesis of mesoporous nitrides is indeed an effective means of generating 

catalysts in a rapid and readily scalable manner. Hence this work paves way for 

a promising way to produce ordered mesoporous nitrides for a wide range of 

applications. 
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Chapter 4 

 

Metal Organic Framework-derived Porous Fe2N 

Nanocubes by Rapid-nitridation for Efficient 

Photocatalytic Hydrogen Evolution 
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4.1 Introduction 

According to the section on TMN properties in chapter 1, TMN represents an important 

category of materials with interesting optoelectronic, catalytic, electrochemical, and 

structural functions.[257–261] In particular, the Pt-group like properties of TMNs lead to 

significant binding and hence strong adsorption of hydrogen. These characteristics 

make them promising in the field of catalytic hydrogen production.[114,122,123,125,250,262,263] 

Meanwhile, based on the rapid-nitridation method in chapter 3, mesoporous TMNs had 

been successfully synthesized. However, the hard template method is relatively 

complex and not convenient for large scale production of TMNs. Thus, another type of 

porous material precursor is required. 

 

As a subclass of MOFs, Prussian blue (PB) created from the supramolecular assembly 

of iron components with N-containing organic ligands has attracted considerable 

interest. This is due to its diverse architectures and morphologies it offers.[264] In fact, 

there exist reports on topotactic transformation for the fabrication of various 

nanomaterials derived from PB or PB analogues. Materials obtained using this 

approach include porous metal phosphates, sulfides, carbides, oxides and so on.[265–268] 

However, PB-derived porous metal nitrides have not been explored extensively. 

Previously, the synthesis of PB-derived metal nitrides was reported, which yielded 

nanoparticles without substantial porosity.[122] Therefore, a novel synthesis process is 

highly desirable for achieving MOF-derived porous metal nitrides which retain the 

specific structure of the parent precursor. This would hold significant promise for 
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catalytic applications. 

 

In this work, the PB precursors are first oxidized and then subjected to rapid-nitridation 

to obtain porous Fe2N nanocubes. The nanocubes obtained are phase pure. The process 

employed for heating is essential to obtaining the material. Using a slip furnace for pre-

heating and rapid cooling also reduces the reaction time. The samples obtained thus are 

sensitized using Eosin-Y (EY) in photocatalytic HER. PB-derived porous Fe2N 

nanocube has been synthesized while maintaining the pattern and structure of the parent 

MOF precursor. Besides, the performance of cube-like Fe2N is duly rationalized using 

DFT-based calculations and its metallic nature is also duly elaborated. The superior 

metallic conductivity of Fe2N boosts the separation and migration of charge carriers 

excited from EY. Besides, the porous structure of PB-derived Fe2N nanocube 

contributes to the high density of active sites, which in turn yields desirable kinetics for 

photocatalytic hydrogen evolution. The optimal Fe2N/EY system exhibits excellent 

photocatalytic hydrogen evolution performance with a H2 generation rate at 14.5 mmol 

g-1h-1. 

 

4.2 Results and discussion 

4.2.1 Synthesis and characterizations of the MOF-derived porous samples 
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Figure 4.1 Schematic illustration of the synthesis of PB cubic MOF under acidic 

aqueous solution environment using K4[Fe(CN)6], PVP (K30). 

 

As shown in Figure 4.1, PB-derived Fe2N nanocube has been synthesized via a two-

step process, i.e. oxidation followed by rapid-nitridation. In brief, PB is first synthesized 

via a hydrothermal method.[269] Then, PB precursors are heated in air at 350℃ for 1 h 

forming Fe2O3. Finally, the as-prepared Fe2O3 is treated in the NH3 atmosphere at 400℃ 

for 30 min. This is in fact the rapid-nitridation step that yields Fe2N. The typical 

Rietveld refined XRD patterns of the as-prepared samples are shown in Figure 4.2a-c. 

PB precursor, the iron oxide derived from it, and the corresponding nitride belongs to 

the Fm-3m, Fd-3m and Pbcn space groups, respectively. The details of the results can 

be seen in Table 4.1; there is no indication of oxygen or nitrogen vacancies. Hence the 

occupancies for oxygen and nitrogen sites are fixed at 1.0. Notably, for the iron oxide 

sample, the yellowish-brown sample suggests that Fe3+ makes up the majority of the 
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compounds. Refinement shows that there are obvious vacancies at the iron sites (the 

site occupancy of Fe is only about 0.6 ~ 0.7 as shown in Table 4.2). However, the Fe 

occupancy of the iron nitride sample is 0.9398 (Table 4.3), which is consistent with the 

simple model of the fully nitrogenated Fe2N. 

 

 

Figure 4.2 (a,b,c) Rietveld refined XRD pattern and (d,e,f) SEM images of PB, Fe2O3 

and Fe2N as well as inset show their cube sizes in high magnification. (g) Low 

magnification of TEM image, (h) HRTEM images and (i-l) the elemental mapping 

images of Fe2N. 
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Table 4.1 Refined crystal structure parameters of PB at room temperature. 

Atom g x y z 

Fe1 0.8477 0 0 0 

Fe2 1 0.5 0 0 

Fe3 0.4519 0.25 0.25 0.25 

C 1 0.1944 0 0 

N 1 0.2987 0 0 

 

Table 4.2 Refined crystal structure parameters of Fe2O3 at room temperature. 

Atom g x y z 

Fe1 0.7036 0.125 0.125 0.125 

Fe2 0.6380 0.5 0.5 0.5 

O 1 0.2437 0.2437 0.2437 

 

Table 4.3 Refined crystal structure parameters of Fe2N at room temperature. 

Atom g x y z 

Fe 0.9398 0.2471 0.1211 0.0838 

N 1 0 0.3766 0.25 

Notes: Numbers in parentheses are standard deviations of the last significant digit. g: 

site occupancy. 

 

The morphology of the as-prepared samples has been observed by SEM images. As 
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shown in Figure 4.3, PB exhibits uniform cube-like morphology with a smooth surface. 

Its average size is found to be ~0.53 μm. After the oxidation process, Fe2O3 retains the 

cube-like morphology while its size shrinks to ~0.47 μm. This size shrinkage is due to 

the oxidation of the ligands in PB. As shown in Figure 4.2d-f, further nitridation of 

Fe2O3 nanocubes leads to the formation of Fe2N with a rougher surface and marginally 

smaller size (~0.43 μm). TEM analysis clearly indicates the coarse surface associated 

with the Fe2N cube (Figure 4.2g). In addition, the lattice fringes in the HRTEM of Fe2N 

indicate the interplanar distance of ~0.26 nm (Figure 4.2h). This corresponds to the 

(100) crystalline planes of Fe2N, which confirms the XRD results. Furthermore, 

elemental mappings (Figure 4.2i-l) confirm the homogeneous distribution of Fe and N 

contents in the binary Fe2N sample. 

 

 

Figure 4.3 Low magnification of SEM image of (a-c) PB, Fe2O3 and the Fe2N that was 

synthesized by oxidation and nitridation; (d-f) histograms showing the distribution of 

diameters associated with PB, Fe2O3 and Fe2N cubes. 
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It is important to note that the oxidation step plays a critical role in forming Fe2N 

nanocubes by retaining the morphology of PB. The oxidation process plays an 

important role in enabling the contraction for the nanocubes to a certain extent so that 

no collapsing happens in the nitridation process. As shown in Figure 4.4, although pure 

phase metal nitride is observed, direct rapid-nitration of PB leads to collapsed Fe2N 

particles. In addition, the purity and morphology of PB-derived Fe2N samples are also 

heavily influenced by the nitridation time and temperature. 

 

 

Figure 4.4 (a) The Fe2N synthesized by direct nitridation (prolong to 2 hours reaction) 

from the precursor. (b) XRD pattern of Fe2N derived from direct nitridation (prolong to 

2 hours reaction). 

 

XPS is employed to investigate the surface compositions and chemical states of the 

samples. As shown in Figure 4.5, Fe 2p of PB exhibits four main peaks at 708.0 eV 

(2p3/2), 720.9 eV (2p1/2), 709.4 eV (2p3/2) and 722.6 eV (2p1/2) with their satellite peaks 

at 712.7 eV and 726.3 eV. These peaks can be associated with the components of Fe2+ 

and Fe3+, respectively.[270–272] For sample of Fe2O3, the Fe 2p state has also shown four 
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main peaks at 709.6 eV (2p3/2), 723.2 eV (2p1/2), 711.7 eV (2p3/2) and 725.3 eV (2p1/2), 

which demonstrate the existence of Fe3+ in oxide.[273–275] The two corresponding 

satellite peaks are located at 718.1 eV and 730.8 eV. For the Fe2N sample, the peaks 

centered at 706.5 eV and 720.3 eV correspond to Fe 2p3/2 and Fe 2p1/2 of metallic 

Fe.[276,277] Besides, the peaks centered at 710.2, 711.7 eV and 723.5, 725.3 eV 

corresponding to the Fe 2p3/2 and Fe 2p1/2 of Fe2+ and Fe3+ suggest the formation of 

nitride phase and the surface oxidation in Fe2N.[278,279] This is in agreement with other 

reported metal nitrides.[253,255] The N 1s spectra of the Fe2N sample can be divided into 

three peaks at 396.13 eV, 397.84 eV and 399.48 eV, respectively, which in turn can be 

assigned to metal nitride, pyridinic-N and pyrrolic-N.[253,255]  

 

 

Figure 4.5 The High-resolution XPS spectra for Fe 2p of (a) PB, (b) Fe2O3 and (c) Fe2N 

as well as (d) N 1s of Fe2N. 
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The N2 adsorption-desorption isotherms and pore structure parameters of PB and Fe2N 

samples are summarized in Figure 4.6 and Table 4.4. The specific surface area of PB 

is 5.74 m2g-1, which is consistent with previous reports.[264] It can be clearly seen that 

the porous structure of PB is retained during oxidation and rapid-nitration processes. In 

fact, the surface area of the Fe2N sample (10.12 m2g-1) is larger than that of PB. This is 

due to the roughness that is brought about during the processing stages. 

 

 

Figure 4.6 N2 adsorption-desorption isotherms and the corresponding pore size 

distribution curves (inset) of PB and Fe2N. 
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Table 4.4 Porosity characters of PB and Fe2N. 

Photocatalyst BET surface area 

(m2g-1) 

Mean pore size 

diameter (nm) 

Pore volume (cm3 

g-1) 

PB 5.74 36 0.017 

Fe2N 10.12 24 0.054 

 

4.2.2 Photocatalytic activity characterization 

The photocatalytic hydrogen evolution activities of the Fe2N sample under different 

conditions are investigated using EY dye and TEOA as the photosensitizer and the 

electron donor, respectively. The sacrificial agent would be consumed during the 

reaction but the input amount is in excess. As can be seen in Figure 4.7b, with an 

increase in the mass of EY, the amount of evolved hydrogen increases until it reaches a 

maximum value (14.5 mmol g-1h-1). This result comes from the condition of the 

maximum EY amount of 80 mg (while the mass of catalyst is still 5 mg). This is 

consistent with the fact that the dye indeed sensitizes and provides sufficient electrons 

for the reaction. This is in fact consistent with the literature.[280] Furthermore, the 

increase of dye concentration improves the adsorption of EY on the Fe2N surface, which 

makes a higher hydrogen evolution rate.[280] Beyond the optimal dye loading, there is a 

reduction in the activity. This is likely due to the light shielding effect, which means 

that the light absorption by redundant dye decrease the efficiency of light 

utilization.[281,282] It means that beyond a certain optimal concentration, EY in a free 
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state in fact and it quenches the reaction on the active sites. This also prevents sufficient 

absorption of photons necessary for ensuring sufficient reaction rates. 

 

 

Figure 4.7 (a) Comparison of activity among PB, Fe2O3 and Fe2N under optimal 

conditions. Photocatalytic H2 evolution (b) over Fe2N with different amounts of EY, (c) 

at different pH values and 80 mg of EY for 2 h using TEOA as the sacrificial agent. (d) 
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Stability examination for the Fe2N sample of H2 production (evacuation every 4 h). (e) 

Comparison of photocatalytic H2 evolution rate between the nanoparticle Fe2N and the 

nanocubic Fe2N under optimal conditions. (f) The UV-Vis spectra of pure EY solution, 

and that of EY solution with Fe2O3 and Fe2N after 2h reaction. 

 

Table 4.5 Comparison of recently reported earth-abundant metal catalysts for 

photocatalytic Eosin Y-sensitized HER. 

Catalyst 

 

H2 evolution rate 

(mmol g-1h-1) (Cal) 

pH of reactant 

aqueous solution 

Ref. 

Fe2N 14.5 10% TEOA (pH = 11) This 

work 

Co-NCNT-800 14.7 10% TEOA (pH = 8.5) R[283] 

NP-FG 2.74 10% TEOA (pH = 11) R[284] 

CoS 1.2 5% TEOA (pH = 7) R[285] 

W-Co3S4 12.5 15% TEOA (pH = 11) R[286] 

NiB/GO 6.5 10% TEOA (pH = 11) R[287] 

Ni@MOF-5 9.5 10% TEOA (pH = 11) R[288] 

NiP 2.3 10% TEOA (pH = 11) R[284] 

Ni(OH)2/TiO2 1.6 5% TEOA (pH = 9) R[289] 

Pt/C3N4 0.5 5% TEOA (pH = 9) R[290] 

rGO/MOF/Co-Mo-S 6.8 15% TEOA (pH = 9) R[280] 

Sb doped SnO2 0.25 10% TEOA (pH = 11) R[291] 
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Note: The data of H2 evolution rate are all calculated from the original data to the unit 

of mmol g-1h-1. 

 

Fe2N exhibits better activity for HER when pH = 11, when compared to the situation 

wherein pH is set to 9. The observed trends are given in Figure 4.7c. Clearly, Fe2N is 

well suited for HER in an alkaline condition. Figure 4.7a compares the hydrogen 

production activity of PB, Fe2O3 and Fe2N photocatalyst under irradiation over 2 h of 

reaction with the usage of 80 mg EY, at a pH = 11. The activity of Fe2N (14.5 mmol g-

1h-1) is over three times higher than PB (4.3 mmol g-1h-1) and Fe2O3 (4.7 mmol g-1h-1). 

The very favorable photocatalytic activity of Fe2N is aided by the more abundant active 

sites associated with the nitride phase.[124] In this alkaline condition (pH = 11), the HER 

activity of Fe2N is comparable to most of the previously reported photocatalytic EY 

sensitized systems (Table 4.5). Additionally, TON of 57.8 and TOF of 0.016 s-1 are 

obtained when 5 mg of Fe2N is used. This also proves the considerable catalytic ability 

of Fe2N. 

 

If the dye or sacrificial agent component is removed, the H2 evolution rates of Fe2N are 

rather negligible and difficult to be detected. It is proved that in all cases, EY and TEOA 

as sacrificial agents are necessary for the HER process. In addition to the photocatalytic 

activity, stability has also been tested through several reaction cycles. As can be seen in 

Figure 4.7d, Fe2N show slightly decreased activity. This is likely due to the adhesion 

between the sample and the magnetic stirrer, which in turn leads to a decrease in the 
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effective interfacial area between catalyst and solution. Moreover, controlled 

experiments with prolonged reaction times have been tested. As shown in Figure 4.7e, 

the synthesized sample exhibits a pure Fe2N phase with nanoparticle morphology. The 

photoactivity of the Fe2N nanoparticles has also been tested. The H2 evolution rate of 

nanoparticle Fe2N is 12.26 mmol g-1h-1, which is lower than that of nanocubic Fe2N. 

This demonstrates the morphology and pore structural advantages of the cubic Fe2N 

sample to a certain extent. Finally, Figure 4.7f has shown the UV-Vis absorption spectra 

of diluent EY solution, the EY solutions after 2 h reaction with Fe2O3 and Fe2N samples. 

The results show that Fe2N has the highest dye degradation efficiency. 

 

4.2.3 Electrochemical characterization 

Figure 4.8a displays the CVs of PB, Fe2O3 and Fe2N with obvious cathodic and anodic 

peaks. In CV measurements, the reaction that processing on the electrode is quasi-

reversible. Hence the current density is only related to the electron transfer rate of the 

electrode materials.[292–295] The current density obtained over the Fe2N electrode is 

higher than that obtained over PB and Fe2O3. This is again an indicator of Fe2N’s ability 

to enable the transfer of charge carriers required for catalysis. EIS is carried out and the 

corresponding Nyquist plots of different samples are given in Figure 4.8b. It is 

observed that the diameter of the semicircle, which means Rct (charge transfer 

resistance), of the Fe2N sample, is smaller (~20 Ω) than that of PB and Fe2O3. This 

means the electrons transfer readily from the electrode surface and across the interface 

double electric layer for the reaction. This in fact is consistent with earlier inferences 
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drawn from CV; Fe2N indeed has higher efficient interfacial charge transfer 

capabilities.[31,296] 

 

Figure 4.8c shows the polarization curves and the overpotential comparison. It is clear 

that Fe2N achieves a higher current density at a fixed potential range. For a current 

density of 10 mA cm-2, the overpotential of Fe2N (-1470 mV) is lower than that of Fe2O3 

(-1484 mV). Once again this indicates that the TMN promotes H2 reduction reaction.[297] 

Furthermore, specific capacitance performance is measured in a specific region of 

potentials (Figure 4.8d). Fe2N has a much larger enclosed area than the other two 

samples, illustrating that Fe2N can facilitate electronic storage. 

 

 

Figure 4.8 (a) CVs, (b) EIS Nyquist plots, (c) polarization curves and (d) specific 



117 

 

capacitance performances (CV) of PB, Fe2O3 and Fe2N. 

 

4.2.4 Theoretical calculation and photocatalytic mechanism 

The optimized structure of Fe2N and the calculated PDOS are presented in Figure 4.9a 

and 4.9b, respectively. The theoretical calculation clearly illustrates the metallic 

character of the material according to Figure 4.9b and c, illustrating the existence of 

free electrons, which are responsible for the high metallicity of Fe2N.[298] Besides, 

Figure 4.9c shows that the VB passes through the Fermi level (zero energy) to overlap 

with the CB, confirming the metallicity character of the material. Considering the DOS 

plot, while there is p-d hybridization between Fe and N in the energy ranges of -9 to -

5.8 eV, the material metallicity mostly arises from the Fe-3d distributions around the 

Fermi level. The conductivity of TMN is clear from the calculation of DOS, and it is 

found to be consistent with other reports.[124,259–261,299] 

 

The mechanism of photocatalytic H2 production enabled through EY sensitized Fe2N 

system is proposed in Figure 4.9d, which is based on the previous literature.[39,280,300] 

First, the molecules absorb photons from visible light and form the single excited state 

EY1*. Subsequently, a more stable three excited state EY3* is formed through an 

intersystem crossing (ISC). In the presence of TEOA as an electron donor, EY3* is 

reduced to form EY-·. This ion in fact has strong reducing ability. The electrons of 

EY-· are conducted into the surfaces of Fe2N owing to its metallic-like properties. A 

reduction reaction occurs here which results in the production of H2. At the same time, 
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reduced EY dye molecules return to the ground state. Because of the considerable 

ability of dye degradation, electronic storage and transfer of Fe2N structure, the 

recombination of photo-generated charges and holes is limited.[280] Therefore, the 

efficiency of photocatalytic hydrogen production is improved. 

 

 

Figure 4.9 (a) Optimized structural representations of bulk Fe2N, iron and nitrogen 

atoms are shown in blue and silvery colors respectively. The metallic character of the 

material is obvious due to the zero band-gap of the plot. (b) Total DOS and Fe-3d, N-

2p PDOS projected on iron and nitrogen atoms. The Fermi level is set at zero. (c) The 

energy band structures where Fermi level is taken at zero. (d) Proposed photocatalytic 

hydrogen production mechanism over the EY sensitized Fe2N under visible light 

irradiation. 
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4.3 Conclusions 

In conclusion, MOF derived porous Fe2N has been synthesized using a two-step process, 

oxidation followed by the rapid-nitridation technique. MOF based on PB, which is 

made from a supramolecular assembly of iron components with N-containing organic 

ligands, has been employed. Usage of this MOF ensures that the nitride samples retain 

the shape of the precursor while showing only a nominal shrinkage during the chemical 

transformation (hence indicating a topotactic transformation). The preparation process 

is both quick and rather chimie douce (soft chemical). 

 

Fe2N samples thus obtained have a high specific surface area, and offer abundant 

exposed active sites for photocatalytic activity. Fe2N is sensitized using EY for boosting 

photocatalytic hydrogen evolution. Hydrogen production rates close to ~14.5 mmol g-

1h-1 are observed, which is considered desirable. The superior conductivity of Fe2N 

offers enhanced electron transfer performance between the catalyst and photosensitizer, 

so that the reduction reaction can be processed faster. Meanwhile, the separated reaction 

sites of dye degradation by the electron donor of the sacrificial agent and the electron 

capture by the Fe2N catalyst also limit the electron-hole recombination, hence yielding 

the observed high hydrogen production rates. Calculations show that free electrons in 

Fe2N, responsible for its metallic-like properties, arise primarily because of Fe-3d. 

Overall, this work provides a new means of producing MOF derived TMN materials, 

which in conjunction with suitable dyes, offer high-efficiency and low-cost avenues for 

making photocatalysts for hydrogen production. 
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Chapter 5 

 

Metal Organic Framework-derived Fe2-xMyN (M = 

Co, Cr, W, V) Nanocubes for Efficient Piezoelectric 

Hydrogen Evolution 
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5.1 Introduction 

Based on the discussion in chapter 1, piezoelectric catalysis is a new strategy that 

attracted considerable attention for producing hydrogen with a high energy conversion 

rate. Besides, TMNs have a variety of unique material properties including considerable 

conductivity, chemical stability, acid and alkali resistance and noble-metal-like 

properties due to the tunable d-band.[9,17] These advantages are beneficial to the 

separation of piezo-induced charge carriers and transportation of free electrons, which 

provide the potential of practical utilization in piezocatalysis. 

 

In addition, the morphology of TMN can be tuned by the synthesis methodology of 

rapid-nitridation mentioned in chapter 3 for gaining ordered mesoporous nanostructure 

with high specific surface area, which can provide large mechanical energy capture area 

and abundant active sites. Among these synthesis methods of morphological materials, 

the way of MOF derivation mentioned in chapter 4 has been regarded as a considerable 

choice due to the high flexibility of the nanostructural frameworks.[301] 

 

For further improving the piezo-catalytic activity of TMN catalyst, element doping 

serves as an ideal strategy. This is because the electronic configuration of the d-band of 

metal centers could be redistributed further after the element doping, which forms a 

new spin-polarized valence band and leads to the improvement of electron donor and 

the electrical conductivity.[302] On the other hand, element doping is an efficient strategy 

for forming the asymmetric properties of piezoelectric materials. This means that the 
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doped element atoms on the surface have uneven distribution and enhance the 

piezoelectric performance through the non-centrosymmetric nanostructure. 

 

Herein, the materials of MOF-derived nanocubic Fe2N with different types of doped 

elements (Co, Cr, W and V) are completely synthesized. Rapid-nitridation had applied 

as the synthesized method, which is efficient for retaining the morphology of catalyst. 

The regular nanocubic pattern of samples has been maintained. The doped Fe2N have 

been utilized for piezoelectric catalytic H2 evolution and the Co-doped Fe2N has 

achieved the highest activity (122.8 μmol g-1h-1). After tuning the doping ratio, Co and 

V doped Fe2N have greatly improved their H2 evolution performance. According to the 

control experiments, the sample with nanocubic morphology has a higher H2 evolution 

rate than that of the nanoparticle sample. Doped Fe2N catalysts also have the ability to 

degrade different types of dye, while improving their H2 production efficiency. Besides, 

the DFT calculation has elucidated the activity improvement of doped nitrides. 

 

5.2 Results and discussion 

5.2.1 Synthesis and characterizations of the MOF-derived porous samples 
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Figure 5.1 Schematic illustration of the synthesis of blank cubic Fe2N or element doped 

Fe2-xMyN (M = Co, Cr, W and V) nanocomposites. 

 

As illustrated in Figure 5.1, a series of PB-derived Fe2N with different types of 

elements doping (Co, Cr, W and V) have been synthesized through the two-step process 

of oxidation and rapid-nitridation at 400℃ for 30 min. Figure 5.2 has shown the 

powder XRD patterns of PB and PB-based doped samples, with their corresponding 

Fe2N-based samples. The patterns indicate that all the diffraction peaks are similar and 

well matched with PB (JCPDS 00-052-1907) and Fe2N (JCPDS 01-072-2126). 

However, the series of PB-based samples can be observed a slight peak shift at the angle 

range of ~17.8°, and that of the series of Fe2N-based samples can be observed at ~42.9°. 

They are attributed to (200) and (011) crystal planes of cubic phase PB and hexagonal 

phase Fe2N, respectively. Compare to the pure PB sample, all of the doped samples 
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have slightly increased degrees of this diffraction peak. 

 

In comparison with pure Fe2N, the Co and Cr doped samples have increased diffraction 

peak degrees, and the W and V doped samples show decreased degrees. According to 

the Bragg's Law 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 (d is interplanar spacing, θ is the X-ray incidence angle, 

λ is wavelength), the angle shift is attributed to the change of interplanar spacing and 

lattice constant, which may be due to the doping of atoms with different radius and the 

contraction of unit cells.[303] Here, the radius of Co and Cr atoms are 1.26 and 1.27 Å, 

while that of Fe is 1.27 Å, those of W and V are 1.41 and 1.35 Å. It can be found that 

doping of similar atoms makes the diffraction peaks shift positively, while doping of 

bigger atoms makes the peaks shift negatively. 

 

Typical Rietveld refined XRD patterns of the as-prepared doped nitride samples are 

shown in Figure 5.3. It can be seen that the calculation results are mainly consistent 

with the observation results. All of these samples belong to the P-3m1 space group and 

their lattice constants have been shown in Table 5.1 and Table 5.2 in detail. There is no 

indication of oxygen or nitrogen vacancies in all samples. Thus, the occupancies of 

nitrogen are fixed as 1.000. The Fe occupancy of the doped iron nitride samples is 

calculated as 0.950, which is consistent with the default setting doping ratio (5 at%) of 

other elements, as well as the simulated model of the fully nitrogenated Fe2N. 

 



126 

 

 

Figure 5.2 The XRD and high-resolution XRD patterns of (a,b) PB and PB-based 

doped samples with different kinds of elements (Co, Cr, W and V) by a ratio of 5 at%, 

with (c,d) their corresponding Fe2N-based samples. 
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Figure 5.3 The Rietveld-fitted XRD pattern of (a) pure Fe2N and (b-e) Co, Cr, W and 

V (5 at%) doped Fe2-xMyN. The insets are the corresponding simulated crystal structure. 

 

Table 5.1 Refined crystal structure parameters of pure Fe2N at room temperature. 

Atom x y z frac Uiso 

Fe1 0.33 0.33 0.25 1.00 0.01 

N1 0.33 0.67 0.50 1.00 0.01 

N2 0.67 0.33 0.00 1.00 0.01 

 

Table 5.2 Refined crystal structure parameters of X-Fe2N (X = Co, Cr, W and V) at 

room temperature. 
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Atom x y z frac Uiso 

Fe1 0.33 0.33 0.25 0.95 0.01 

X1 0.33 0.33 0.25 0.05 0.01 

N1 0.33 0.67 0.50 1.00 0.01 

N2 0.67 0.33 0.00 1.00 0.01 

Notes: frac: site occupancy, Uiso: isotropic thermal parameter. 

 

The morphology of the as-prepared samples has been tested by SEM in Figure 5.4. PB 

exhibits uniform cube-like morphology with a smooth surface with an average size of 

~0.64 μm. After the oxidation process, Fe2O3 maintains the cube-like morphology with 

a decreased size of ~0.55 μm. Further nitridation of the oxide cubes produces the Fe2N 

cubes with a rougher surface and a marginally contractive size of ~0.43 μm. The size 

shrinkage in both steps is due to the oxidation and nitridation of ligands in PB. Statistics 

associated with diameter have been exhibited in Figure 5.5 with their average particle 

sizes. 

 

According to the SEM images and histograms, it can be found that all of the doped 

samples have maintained their cubic morphology in each process stage. Their average 

sizes, on the whole, follow the shrinkage trend at pace with the oxidation and nitridation 

process. Specially, the series of Co-doped samples show a relatively extreme small size 

(0.16, 0.11 and 0.10 μm for Co-doped PB, Fe2O3 and Fe2N). The reason is probably 



129 

 

that the Co dopants remarkably influence the growing process of MOF, leading to the 

formation of the framework in advance with a much smaller size.[304] 

 

Figure 5.4 The SEM images of (a) PB and (b-e) the series of Co, Cr, W and V doped 

PB samples (5 at%), the corresponding oxide (f) Fe2O3 and (g-j) doped PB derived X-

Fe2O3, and the corresponding nitride (k) Fe2N and (l-o) doped oxide derived X-Fe2N. 
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Figure 5.5 The diameter statistic histograms of PB, Fe2O3 and Fe2N cubes and their 

corresponding Co, Cr, W and V element doped cubes. 
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Figure 5.6 (a-d) Low magnification TEM, (e-h) high-resolution TEM images and (i-β) 

elemental mapping images of Co, Cr, W and V doped Fe2N samples. 

 

The TEM analysis in Figure 5.6 has clearly illustrated the cubic shape associated with 

Fe2N cubes. Besides, the lattice fringes have been exhibited in high-resolution TEM 
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images. The interplanar distances of Co, Cr, and W doped Fe2N are measured as ~0.27 

and ~0.24 nm, which indicates the (3 2⁄ 00) and (110) crystalline planes, respectively. 

Moreover, the angles between these two plane directions are near 30°, which is 

consistent with the results of Rietveld refined calculation. Simultaneously, the 

interplanar distance of V doped Fe2N is ~0.24 nm, which is consistent with the (110) 

crystalline plane. Furthermore, elemental mappings confirm the homogenous 

distribution of each element's contents in all the doped Fe2N samples. The obscure color 

distributions of W and V illustrate that their doping ratios seem much less than those of 

Co and Cr, which is consistent with the result of the element content test below. 

 

In order to explore the effect of different doping ratios, a decreased ratio of Co (2.5%) 

and an increased ratio of V (15%) have been doping into PB and the corresponding 

Fe2N sample has been synthesized. Figure 5.7 have shown the XRD patterns of these 

two types of PB and Fe2N samples. It can be seen that the patterns of samples with 

different doping ratios are similar, which indicates that the change of doping ratio would 

not influence the formation of the pure phase. The SEM images (Figure 5.7e and f) 

have illustrated that the doped samples with various ratios have still maintained cube-

like morphology to a certain extent.  
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Figure 5.7 The XRD patterns of (a) Co doping PB by a ratio of 2.5% and 5%; (b) V 

doping PB by a ratio of 15% and 5% (c) the corresponding Co doped Fe2N sample, (d) 

the corresponding V doped Fe2N sample. The SEM images of (e) 2.5% Co and (f) 15% 

V doped Fe2N samples. 

 

It is worth mentioning that the oxidation process is important in forming the Fe2N 

nanocubes with maintained cubic morphology from PB. This is because the oxidation 

enables the contraction of the nanocubes and relief the collapse during the nitridation 
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process. Besides, the rapid-nitridation process is also significant for retaining 

morphology. In contrast with the rapid-nitridation synthesized sample, the Fe2N 

particles that were synthesized by the long-term nitridation process have also been 

tested by XRD and SEM. Figure 5.8 has exhibited their similar XRD patterns and 

different kinds of morphology. These results mean that although the pure phase of Fe2N 

has been produced, the long-term nitridation leads to the collapse of Fe2N nanocubes 

and produces nanoparticles. 

 

 

Figure 5.8 (a) The XRD patterns of Co (5 at%) doped Fe2N that synthesized by rapid-

nitridation (400℃, 30 min) and long-term nitridation (400℃, 5℃ min-1, 2 h). (b) The 

SEM images of Co (5 at%) doped Fe2N by long-term nitridation. 

 

XPS is employed to further investigate the surface elemental components and chemical 

states of the samples. As shown in Figure 5.9a, the high-resolution spectra depict Fe 

2p orbitals. For the Fe2N sample, the dominant 2p3/2 peaks of Fe3+, Fe2+ and metallic 

Fe0 center at 710.3 eV[305], 708.6 eV[306] and 706.9 eV[253]. The satellite peak is located 

at 717.1 eV. This result suggests that the valence state of Fe ions in the Fe2N sample is 
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a mixture of Fe3+ and Fe2+, which is caused by the surface ultrathin oxidized layer of 

Fe2N. This ultrathin layer can protect the TMN from further oxidation and does not 

offer any hindrance to electron transport.[190] 

 

For other doped Fe2N samples, all the peaks of Fe3+, Fe2+ and Fe0 have shown various 

slight shifts within 0.3 eV. Co-doped Fe2N exhibits peaks of Fe3+ 2p3/2, Fe2+ 2p3/2 and 

Fe0 2p3/2 at 710.7 eV, 708.8 eV and 706.7 eV. This displays shifts within 0.2 eV 

compared to those of the pure Fe2N sample, which indicates that the electronic structure 

has not been significantly changed by element doping.[302] The Fe3+ peaks of Co, Cr and 

W doped samples have relatively large areas compared to the other three samples, 

which make their shapes of spectrum different from the pure and V doped samples. This 

indicates the Fe3+ component of these three types of samples has larger proportions than 

the other two types. 

 

Figure 5.9b has exhibited that the N 1s spectra of the series of Fe2N samples can be 

divided into three or four peaks. For all the five kinds of samples, the peaks at 396.3 eV 

and the region of slightly negative shift can be assigned to metal-nitrogen bonds.[307] 

For the middle dominant peaks, compared to that of pure Fe2N (397.9 eV), the Co, Cr 

and W doped samples have slightly negative shift peaks at 397.7 eV, while V doped 

sample showing a peak with obscure shift (397.9 eV). These middle dominant peaks 

can be assigned to pyridinic nitrogen due to the residual organic ligand structure from 

the MOF precursor.[307,308] The third peak of Fe2N centered at 399.8 eV, which 
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corresponds to pyrrolic nitrogen.[307,308] Compare to Fe2N, the corresponding peaks of 

other doped samples have a slight shift within 0.2 eV. The pure and Co, Cr doped 

samples can be found in the oxidized nitrogen peaks at the range of about 402 eV. 

Reasonably, the W and V samples should have similar peaks, but the results have not 

shown any obvious signal at the corresponding range, which may due to the trace 

amounts which are hard to detect. 

 

 

Figure 5.9 The high-resolution XPS spectra for (a) Fe 2p and (b) N 1s of the series of 

doped Fe2N samples. 

 

The high-resolution XPS spectra have also depicted the orbitals of doping elements in 
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Figure 5.10. The dominant peaks of the Co-doped sample centered at 778.9 eV, 780.9 

eV, 782.9 eV and 787.1 eV are ascribed as 2p3/2 of metallic Co0, Co2+ and Co3+  

coordinated to O or N ions and satellite peak and the satellite peak.[145] The Cr doped 

sample has shown two main peaks at 575.9 eV and 576.8 eV correspond to Cr-N 2p3/2 

and Cr-O 2p3/2.
[248] The W doped sample has exhibited three divided peaks at 33.0 eV, 

35.2 eV and 37.3 eV, which are assigned to different valence states of W-N 4f7/2 of 

different valence states as well as W-C 4f7/2 on the surface.[309] The sample with doping 

V has two peaks at 516.6 eV and 524.0 eV, which are corresponding to V-N 2p3/2 and 

V-N 2p1/2.
[146] These results indicate that the doping element atoms usually existing in 

the crystal lattice on the surface by forming bonds with nitrogen ions. 

 

 

Figure 5.10 The high-resolution XPS spectra for (a) Co 2p, (b) Cr 2p, (c) W 4f and (d) 

V 2p of the series of doped Fe2N samples. 
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The actual atomic concentrations of each element in doped Fe2N samples have also 

been tested by XPS characterization. It is obvious that all the actual element doping 

ratios are much lower than the default ratio (5 at%) in the experimental condition. The 

element of the highest atomic doping ratio is Co, which contains 2.82 at% of that of its 

doped Fe2N sample. The element with the lowest doping ratio is V, which only contains 

0.12 at% of that of the doped sample. The doping ratio of W is also under 1 at%. Thus, 

these results have demonstrated the obscure color distributions of W and V images 

observed by TEM elemental mapping. The reason that leads to the difference of ratio 

under the same setting condition may be due to the metal salts used in precursor 

synthesis. The Co and Cr doping samples used compounds of nitrate, while W and V 

doping samples using tungstate salt and metavanadate salt. Thus, W and V elements are 

more difficult to dissociate and dope into the crystal lattice. 

 

5.2.2 Piezoelectric catalytic H2 evolution activity and electrochemical 

characterization 

The piezoelectric catalytic activity of the series of as-prepared Fe2N samples has been 

examined by measuring the H2 evolution. As shown in Figure 5.11a, the H2 evolution 

rates of different types of element doped Fe2N (doping ratio of 5 at%) sample are all 

higher than that of the pure Fe2N sample. The Co-doped Fe2N has exhibited the highest 

activity of 122.8 μmol g-1h-1. The reason is that a notable difference of radius among 

various metal atoms would lead to the lattice expansion when they are doped, and the 
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piezoelectric performance has been improved.[310] Simultaneously, the crystal integrity 

of the doped catalyst would not be destroyed. In addition, the doped metal atoms are 

favorable to replace the subsurface atoms and downshift the d-band center of Fe2N, 

which will be demonstrated by DFT calculation in the following section.[146]  

 

Table 5.3 The actual atomic concentrations of each element in the doped Fe2N samples 

synthesized by the default experimental condition of 5 at% doping. 

Atomic Concentration % 

Fe2N-Co5% Fe 2p O 1s N 1s C 1s Co 2p 

6.86 26.5 8.08 55.74 2.82 

Fe2N-Cr5% Fe 2p O 1s N 1s C 1s Cr 2p 

4.54 23.78 8.23 61.97 1.48 

Fe2N-W5% Fe 2p O 1s N 1s C 1s W 2p 

4.91 24.19 5.89 64.16 0.85 

Fe2N-V5% Fe 2p O 1s N 1s C 1s V 2p 

3.47 19 8.89 68.52 0.12 

 

The activity subsequence of different doped samples from high to low level has been 

ordered as Co, Cr, W and V, which is in accordance with the doping ratio in Table 5.3. 

This means the doping ratio also plays an important role in affecting the piezoelectric 

catalytic performance. For deeply exploring the effect of doping ratio for the catalytic 

activity, the Co (2.5 at%) and V (15 at%) doped Fe2N have been tested for comparison 
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(Figure 5.11b). Consequently, they have exhibited the performances of 247.9 and 244.4 

μmol g-1h-1, which are much higher than that of the samples with the 5 at% doping ratios. 

This result means that the lower setting doping ratio of Co and the higher setting doping 

ratio of V can considerably improve the activity of the doped Fe2N catalyst. This is 

because the actual doping ratios of Co (2.5%) doped and V (15%) doped samples are 

closer to the optimal doping ratio than that of 5% doped samples. When the doping ratio 

is lower than the optimal condition (the V doping sample), the polarization-induced 

surface charge will not be promoted sufficiently, so the separation and transfer of charge 

carriers are limited.[310] On the contrary, the excess dopant (the Co doping sample) may 

lead to the forming of defects, which could act as charge recombination centers in doped 

catalyst and lower the catalytic activity.[16,310] 

 

Figure 5.11c has illustrated the effect of maintaining the cubic morphology of Co-

doped Fe2N. It can be found that the piezoelectric catalytic activity of the cubic sample 

is much higher than that of the nanoparticle sample, which was synthesized by long-

term nitridation. This is due to the retaining porous structure derived from MOF 

precursor, which has a large specific surface area and more active sites during the 

reaction process. This result is in accordance with the previous chapter. The influence 

of the output power of the ultrasound source is also explored in Figure 5.11d. The 

catalytic performance shows an almost increasing linear trend along with the rise of the 

ultrasonic source output power, which demonstrates the necessity of ultrasound energy 

in this reaction. This also confirms the discussion of previous literature.[10] 
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Figure 5.11 The piezoelectric H2 generation of (a) pure Fe2N and Co, Cr, W, V (5 at%) 

doped Fe2N, (b) Co (2.5 at%) and V (15 at%) doped Fe2N, (c) Co-doped Fe2N of cube-

like and nanoparticle morphology, (d) Co-doped Fe2N under the conditions of the 

different output power of the ultrasonic source, (e) Co-doped Fe2N with 5 ppm dye 

solution of RhB and MO, and (f) different continuing time (1, 2, 3 h) with 5 ppm RhB 

solution with the relative concentration ratios C/C0 for the degradation of RhB before 

and after reaction with Co-doped Fe2N. 
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Moreover, the doped Fe2N also has the ability to degrade dye in the solution. The dyes 

including RhB and MO of 5 ppm concentration have been utilized for testing the 

degradation activity of these doped samples. Simultaneously, the H2 evolution 

performance of samples in the solution containing dye has also been tested. According 

to the results in Figure 5.11e, the H2 evolution rates of samples in these types of dye 

solution have been enhanced. The highest one is that the sample in the RhB solution 

which offers the rate of 171.5 μmol g-1h-1. 

 

Then, this reaction system with RhB solution has been continued for 2 more hours. The 

H2 production grows with a rapidly rising trend as the reaction is timing. The 

accumulated H2 amount achieved is 681.1 μmol g-1 after 3 h of operation (Figure 5.11f). 

The UV-Vis absorption spectra before and after different times of dye degradation and 

H2 evolution reactions have been tested. It is obvious that the UV-Vis absorbance of 

each dye solution shows lower peaks than that of the initial solution, and the peaks 

become much lower after the reaction of longer timing. Figure 5.11f has also shown 

the relative degradation ratios C/C0, where C0 is the initial concentration of dyes and 

the C is the decomposed dyes concentration at different reaction times. After the 

adsorption equilibrium, the concentration only decreases about 2.8%, which means the 

dye decomposing is mainly due to the degradation. After 3 hours of degradation, about 

70% of the dye has been decomposed. This means the doped Fe2N has a considerable 

activity of dye degradation. The results mentioned above demonstrate that the reactions 
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of H2 production and dye degradation have supplementary effects on each other. The 

mechanism would be demonstrated below. 

 

 

Figure 5.12 (a) The EIS Nyquist plots, (b) specific capacitance performances and (c) 

polarization curves of pure Fe2N and Co-doped Fe2N samples. 

 

The electrochemical tests have been carried out to investigate the role of doped 

elements on the catalytic activity of Fe2N. As Figure 5.12a has shown, the sample of 

Fe2N@Co has a smaller arc than that of the Fe2N sample, which means the Rct is smaller. 

This indicates that the efficiency of charge transfer of Fe2N@Co is better, which would 

facilitate the reaction process.[145] For the specific capacitance performance, Figure 
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5.12b has illustrated that the sample of Fe2N-Co with a larger enclosed loop area has 

better electron storage ability than the pure sample.[145] In addition, the polarization 

curves in Figure 5.12c reveals a higher current density for the doped sample than the 

pure sample. The overpotential of Fe2N-Co (-1454 mV) is lower than that (-1479 mV) 

of the pure sample at the current density of 10 mA cm-2. This indicates that the Fe2N-

Co sample has an enhanced charge transfer kinetics by the doped structure.[311] These 

results have proved that these electrochemical properties of the doped sample are 

beneficial for the piezoelectric catalytic process. 

 

5.2.3 Theoretical calculation and photocatalytic mechanism 

 

Figure 5.13 The atomic structure model of (a) Co-doped Fe2N. Calculated electronic 

DOS of (b) pure Fe2N and (c) Co-doped Fe2N. The Fermi level is set to zero. 
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DFT calculations are carried out to further demonstrate the intrinsic effect of element 

dopants on the H2 evolution rate of Fe2N. Figure 5.13a has shown that the doped Co 

atoms have replaced some of the Fe atoms of Fe2N-(001) surface. This indicates the 

metallic nature of all samples as a result of the existence of free electrons near the Fermi 

level.[145,260,312] In addition, there is an increased population of d states of Co near the 

Fermi level in the energy range between -3 to 0. The d-band center of Co-doped Fe2N 

is -2.648 eV, which is downshifted compared to that (-2.596 eV) of the pure Fe2N. It 

seems that the introduction of Co elements results in a change in the DOS near the 

Fermi level associated with the d states. According to the previous report, the 

contraction of the d-band and the downshifting of the d-band center would result in 

weakening of the interaction between the catalysts and absorbates. This is expected to 

contribute to the H2 evolution performance.[146,302] 

 

Based on the above results and the corresponding literature, the mechanism of 

piezoelectric catalytic hydrogen evolution in pure water or dye solution has been 

demonstrated below. Under the condition of ultrasonic vibration, the doped Fe2N 

nanocubes are streamed and stressed by both vertical and lateral force. Thus, a 

piezoelectric potential is created on the surface of the cubes because of the piezoelectric 

effect. The electrons and holes are separated and transferred to the surface of the catalyst. 

Subsequently, the surficial doped metal elements can promote the transfer of an electron 

to the catalyst-solution interfaces and provide additional active sites for the redox 
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reactions. The procedure includes the reduction of H+ by electrons for H2 evolution, the 

reduction of O2 by electrons for producing hydroxyl radicals (•OH) and oxygen radicals 

(•O2
-), as well as the oxidation of H2O by holes for producing •OH and H+. Finally, the 

produced •OH and •O2
- are consumed by the dye molecules.[91,313,314] 

 

In this process, the excited holes are efficiently consumed by the radical reaction, which 

not only leads to the degradation of dye but also limits the recombination between 

electrons and holes. Therefore, the H2 evolution rate under the condition of dye solution 

is superior to that under the pure water condition. These reactions can be described as 

follows: 

𝑃𝑖𝑒𝑧𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛
→      𝑒− +ℎ+ 

2𝐻+ + 𝑒− → 𝐻2 

𝑂2 + 𝑒
− →∙ 𝑂2

− 

∙ 𝑂2
− + 𝑒− + 2𝐻+ → 𝐻2𝑂2 

𝐻2𝑂2 → 2 ∙ 𝑂𝐻 

𝐻2𝑂 + ℎ
+ →∙ 𝑂𝐻 + 𝐻+ 

𝐷𝑦𝑒 +∙ 𝑂𝐻/∙ 𝑂2
− → 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 

These proposed mechanisms for piezoelectric H2 evolution while processing dye 

degradation is also suitable for other types of dyes. 
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Figure 5.14 Proposed piezoelectric catalytic hydrogen production mechanism over the 

doped Fe2N in a dye solution. 

 

5.3 Conclusions 

In conclusion, a series of MOF-derived Fe2N with different doped elements (Co, Cr, W 

and V) have been synthesized successfully by the rapid-nitridation method and used for 

H2 evolution by piezoelectric catalysis. The produced nanocubes with maintaining 

morphology from the MOF precursor have clearly been observed and characterized. 

The highest H2 evolution rate is achieved by Co (5 at%) doped Fe2N under the same 

ratio of doping (122.8 μmol g-1h-1), while every doped Fe2N sample has a higher rate 

than that of the pure one. This highlights the advantages associated with the doping 

strategy. 
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Moreover, the Co and V doped sample with different doping ratios (2.5 and 15 at%, 

respectively) has gained much higher activity (247.9 and 244.4 μmol g-1h-1), which 

indicates that the doping ratio plays an important role in the piezoelectric catalytic 

process. In addition, the nanocubic sample has a better efficiency than that of the 

nanoparticle sample, which means the necessity of the rapid-nitridation method for 

keeping morphology. With the action of dye degradation, the process of piezoelectric 

H2 production has been promoted. Finally, the DFT calculation has proved the d-band 

shift of Fe2N and demonstrated the correctness of this strategy. These results provide a 

new strategy for the synthesis and tuning band gap of TMN with maintenance of 

morphology to offer the high-efficiency avenue for piezoelectric H2 evolution. 
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Chapter 6 

 

Conclusions and Perspective 
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6.1 Conclusions 

This thesis aimed to systematically investigate new synthesis methodology and produce 

TMNs with ideal nanostructure and morphology. Then, these TMNs are applied in H2 

evolution catalytic reactions, including photocatalysis and piezoelectric catalysis. The 

results show that the mesoporous materials and MOF-derived TMNs are successfully 

synthesized. These samples have ordered mesoporous structure that is obtained through 

rapid-nitridation. In addition, the Fe2N nanocubes can achieve a considerable H2 

production efficiency in the reactions of dye sensitization and degradation by 

photocatalysis and piezoelectric catalysis, respectively. Finally, the DFT calculation has 

elucidated for the improvement of catalytic performance. The details are listed below: 

 

(1) A novel hard-template-based rapid-nitridation process has been explored. A 

series of ordered mesoporous TMN materials namely CoN, WN, CrN and 

Ni3FeN are successfully synthesized within 30 min using a rather modest (in 

comparison with most ammono thermal processes) temperature range of 330-

800℃. Utilization of (i) ordered porous precursors, (ii) pre-heating and (iii) pre-

passing the ammonia for rapid-nitridation process is proved to be the key factors 

for efficiently shortening the nitridation and suppressing the closure or collapse 

of the mesoporous structures of TMNs materials. These results indicate that the 

template-based rapid-nitridation approach for the synthesis of mesoporous 

nitrides is indeed an effective method of generating catalysts in a rapid and 

readily scalable manner. Meanwhile, the universality of this method has been 
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proved, which means that various types of nitrides are suitable to be synthesized 

through this process. Hence this work paves way for a promising way to produce 

ordered mesoporous nitrides for a wide range of applications. This part of the 

work is mainly focusing on synthesis. Actually, the electrochemical properties of 

these mesoporous nitrides, such as OER activity, have been proved as highly 

efficient. 

 

(2) Based on the synthesis method explored in chapter 3, as well as applying a more 

convenient template precursor, a kind of MOF derived porous Fe2N has been 

synthesized using a two-step process, oxidation followed by the rapid-nitridation 

technique. MOF based on PB, which is made from a supramolecular assembly of iron 

components with N-containing organic ligands, has been employed. Usage of this MOF 

ensures that the nitride samples retain the shape of the precursor while showing only a 

nominal shrinkage during the chemical transformation (hence indicating a topotactic 

transformation). The preparation process is both quick and rather chimie douce (soft 

chemical). Fe2N samples thus obtained have a high specific surface area, and offer 

abundant exposed active sites for photocatalytic activity. Fe2N is sensitized using EY 

for boosting photocatalytic hydrogen evolution. Hydrogen production rates close to 

~14.5 mmol g-1h-1 are observed, which is considered desirable. The superior 

conductivity of Fe2N offers enhanced electron transfer performance between the 

catalyst and photosensitizer, so that the reduction reaction can be processed faster. 

Meanwhile, the separated reaction sites of dye degradation by the electron donor of the 
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sacrificial agent and the electron capture by the Fe2N catalyst also limit the electron-

hole recombination, hence yielding the observed high hydrogen production rates. 

Calculations show that free electrons in Fe2N, responsible for its metallic-like 

properties, arise primarily because of Fe-3d. Overall, this work provides a new means 

of producing MOF derived TMN materials, which in conjunction with suitable dyes, 

offer high-efficiency and low-cost avenues for making photocatalysts for hydrogen 

production. 

 

(3) Depend on the reaction route of chapter 4, a series of MOF-derived Fe2N with 

different doped elements (Co, Cr, W and V) have been synthesized successfully by the 

rapid-nitridation method and used for H2 evolution by piezoelectric catalysis. The 

produced nanocubes with maintaining morphology from the MOF precursor have 

clearly been observed and characterized. The highest H2 evolution rate is achieved by 

Co (5 at%) doped Fe2N under the same ratio of doping (122.8 μmol g-1h-1), while every 

doped Fe2N sample has a higher rate than that of the pure one. This highlights the 

advantageous effects of the doping strategy. Moreover, the Co and V doped sample with 

different doping ratios (2.5 and 15 at%, respectively) has gained much higher activity 

(247.9 and 244.4 μmol g-1h-1), which indicates that the doping ratio plays an important 

role in the piezoelectric catalytic process. In addition, the nanocubic sample has a higher 

efficiency than that of the nanoparticle sample, which means the necessity of the rapid-

nitridation method for keeping morphology. With the action of dye degradation, the 

process of piezoelectric H2 production has been promoted. Finally, the DFT calculation 
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has proved the d-band shift of Fe2N and demonstrated the correctness of this strategy. 

These results provide a new strategy for the synthesis and tuning band gap of TMN 

with keeping morphology to offer the high-efficiency avenue for piezoelectric H2 

evolution. 

 

6.2 Perspective 

In recent years, photocatalysis has been rapidly developed and various types of 

photocatalysts have been synthesized. Different kinds of strategies for improving the 

activity and decreasing the charge carrier recombination rate have been explored, which 

contains ions doping, element substitution and application of cocatalysts. These 

methodologies have also gained considerable effects. Except for the way of tuning 

components, morphology is another significant factor that influences the catalytic 

efficiency. To synthesize materials with ideal nanostructure needs simple and efficient 

methods. 

 

At present, the hard- and soft-template methods, as well as the in-situ templating 

pathway and tuning MOF derivation have sufficient potential to synthesize materials 

with expected morphology. The third way for improving the catalytic performance is to 

explore another unique principle during the process. The piezoelectric catalyst is a new 

strategy to promote electron transfer by the effect of the in-built electric field as a result 

of squeezed or stretched. This kind of new technology could be utilized without the 

dependence on a specific energy source because mechanical energy such as vibration, 
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noise and fluid flow are surrounding the environment all the time. In addition, the 

considerable energy conversion efficiency (reported as 78% previously) of the 

piezoelectric reaction process has been regarded as an attractive advantage for 

exploration. The published literature clearly shows the advantages and practical 

application of piezoelectric catalysts. This shows the prospects of piezoelectric catalysis. 

 

This thesis provides a new synthesis strategy for TMNs, which has the universality of 

application and simplicity of operation. This strategy can efficiently maintain the 

morphology of synthesized materials avoiding the collapse of the nanostructure. 

However, the control of conditions still needs to be improved due to the particular 

operation process. It is important to keep the detail operation unity for achieving the 

efficiency of this synthesized strategy. By the method of rapid-nitridation, a kind of 

MOF-derived Fe2N has been synthesized using nanocubic morphology. 

 

This type of TMN can gain a distinct H2 evolution activity in dye sensitization reaction. 

However, the performance still has the possibility to be improved. For example, other 

types of MOF precursors can be chosen and more modifications on the surface of the 

materials are desirable. In deeper exploration, this kind of Fe2N has been doped by a 

series of elements and used for piezoelectric H2 evolution. The piezoelectric effect of 

TMN has been proved and the strategy of doping has been supported. However, the 

stability of this type of piezocatalyst needs to be improved further; the deeper principles 

during the piezoelectric process are also required to be explored. The solution to these 
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problems would considerably enhance the performance and the prospects of 

piezoelectric catalysts. 
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