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Abstract 

Energy shortage and environment pollution caused by the combustion of fossil fuels force 

us to seek renewable and clean energy for sustainable development. Hydrogen energy, including 

hydrogen and hydrogen-containing compounds is regarded as the most promising energy carrier 

due to its high energy efficiency and zero-emission property. Currently, the main pathway to 

produce hydrogen energy relies on the catalytic steam reforming and coal gasification, which still 

require the consumption of hydrocarbon fuels. Hydrogen energy can also be obtained through 

water splitting driven by renewable energy, such as light, electricity and thermal energy. Among 

various technologies, hydrogen energy from water electrolysis has attracted tensive attention in 

last decade because water electrolysis is an important method of energy conversion, which can 

store the renewable energy in the form of hydrogen. However, current water electrolysis is still 

limited to small-scale applications, large-scale hydrogen production is hindered by the great 

electricity consumption induced by large overpotential and poor efficiency. Thus, in this thesis, 

surface engineering strategy is applied to improve the electrocatalytic activity of active materials 

for enhanced water splitting performance and N2 reduction activity. 

For water splitting part, (1) we investigate the effect of surface functional group on 

hydrogen evolution reaction (HER) by studying the improved HER kinetics induced by surface 

hydroxyl group modification. Experimental results indicate different active materials grown on 

three-dimensional (3D) graphene show enhanced HER performance after crafting massive 

hydroxyl groups on 3D graphene. The positive role of surface hydroxyl groups on the HER 

performance is then explained by theoretical investigation, and increased water affinity is regarded 

as the main cause. Surface hydroxyl group can not only attract abundant H2O clusters near the 

cathode surface to constantly supply H2O molecular for hydrogen evolution, but also balance the 
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interfacial pH environment to reduce the overpotential for HER process. (2) we investigate the 

effect of heteroatom incorporation on water splitting performance by studying the selective water 

splitting behaviour of Ni2P induced by different content of Fe dopant. According to the 

experimental results, enhanced water splitting performance of Ni2P is successfully achieved when 

Fe dopant incorporates into Ni2P matrix. More importantly, the activity of hydrogen evolution and 

oxygen evolution of Fe-doped Ni2P can be controlled by adjusting the content of Fe dopant. Higher 

and lower content of Fe doping in Ni2P matrix contribute to excellent OER performance and 

remarkable HER activity, respectively. Finally, the selective water splitting behavior induced by 

active Fe- and Ni-sites engineering is explained by the key intermediate adsorption theory. Based 

on above analysis, effective surface engineering strategies including functional group modification 

and heteroatom doping are proposed and successfully realize improved water splitting 

performance. 

For nitrogen reduction part, (1) we optimize the d-electrons configuration of active 

transition metal (TM) center via sulfidation process to realize enhanced N2 activation. Pt, the 

typical catalytic center with poor N2 affinity, is selected to act as a model to investigate the 

significance of sulfidation process. Our DFT calculations predict sulfurized Pt (PtS) possesses 

reduced number of d electron, which can benefit the σ donation from N2 molecular, realizing 

efficient N2 activation. Besides, PtS shows suppressed HER performance, which may contribute 

to enhanced Faradaic efficiency of NRR. From the experimental results, PtS shows a reduced 

overpotential for NRR than Pt, and the NRR Faradaic efficiency of PtS is about 5 times as high as 

that of metallic Pt, showing consistent results with the theoretical analysis. (2) we propose a 

universal principle to construct PtS2 supported single atom centers (SACs) for NRR process. 

Stability of designed catalysts, the selectivity of HER/NRR and barrier of potential limiting step 
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are considered to screen the most favorable electrocatalyst for NRR process. According to results, 

SACs with different d electron configurations exhibit different N* affinity, ultimately lead to differ 

in the energy barrier of the potential limiting step. The barrier of potential limiting step shows liner 

correlation with the N* binding strength, which is also liner correlated with the integral of the 

density of unoccupied d orbital states of SACs. In this part, sulfidation method and SACs 

construction are applied to optimize the d electron configuration of exposed transition metal site. 

After these engineering strategies, the active transition metal center can realize the combination of 

unoccupied d orbital and abundant d electron, which is beneficial for N2 activation and NH3 

production. 
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1  Introduction 

1.1 Overview of Hydrogen Economy  

Hydrogen shows great potential to act as principle chemical energy carrier in future energy 

system due to the scarcity of fossil fuel energy and environment concerns.1-2 Hydrogen is easy to 

convert into electrical energy or kinetic energy to power electric devices or vehicles. Hydrogen is 

producible, storable, transportable and recyclable, showing significant advantageous over the 

traditional energy sources. More importantly, using zero-emission hydrogen fuel is expected as 

one of the most promising approach to reduce the environmental pollutions, especially the green 

gas effect, in the long-term. In addition, hydrogen is an irreplaceable chemical feedstock in 

ammonia production, oil refining and methanol production. Thus, developing advanced hydrogen-

related technologies, including hydrogen production and storage, is an urgent issue to support 

sustainable hydrogen economy. 

 

Figure 1.1. H2 production from different routes. 
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From the perspectives of economic and environmental protection, separating water into H2 

and O2 is the most desirable way to obtain H2 fuel, because H2 can convert back into water after 

combustion, which forms an entire hydrogen cycle and makes fully use of abundant water resource 

on earth. However, although hydrogen can be manufactured from water splitting, most of hydrogen 

production still lies on hydrocarbon fuels, about 95% of hydrogen production is produced via 

catalytic steam reforming, coal gasification and other hydrocarbons-related reactions (Figure 1.1). 

Hydrogen production from water electrolysis only accounts for about the proportion of 4%, which 

goes against the requirements of low-carbon economy in the future. To realize high-efficient 

hydrogen production from water splitting, various technologies have been developed, such as 

electrolysis, thermochemical water dissociation and photolysis.3  Among these technologies, water 

electrolysis is a well-established technology that has a history of more than a century, and it also 

occupies the prominent position in high-purity hydrogen production.4 Therefore, seeking for 

strategies to improve the efficiency of water electrolysis is of great significance for promoting the 

development of hydrogen economy.  

1.1.1 Hydrogen Production from Electrolysis 

Water electrolysis is a sustainable and renewable chemical technology to realize H2 

production by using electricity as the outer energy input.5 Generally, the water electrolysis takes 

place in an electrolyzer, which consists of a cathode and an anode, separated by electrolyte (Figure 

1.2). The reactions on cathode and anode varies with different electrolytes, and the corresponding 

reaction equations are listed as follows: 

In acidic electrolytes (pH = 0):  

Oxidation at anode: 2H2O → O2 + 4H+ + 4e- (E° = +1.23 V) 

Reduction at cathode: 2H+ + 2e- → H2 (E° = 0 V) 



 

17 
 

In alkaline electrolyte (pH = 14.0): 

Oxidation at anode: 4OH- → O2 + 2H2O + 4e- (E° = +0.40 V) 

Reduction at cathode: 2H2O + 2e- → H2 + 2OH- (E° = -0.83 V) 

The overall reaction is:                          2H2O → 2H2 + O2 

 

Figure 1.2. The structure of electrolyzer for water splitting. 

1.1.2 The Descriptor for HER 

According to the thermodynamics analysis, the standard potentials of anode and cathode 

reactions at standard temperature and pressure are 1.23 V and 0 V vs. reversible hydrogen electrode, 

respectively. The standard theoretical onset potential for H2 and O2 evolution under different 

electrolytes can be calculated by equations illustrated in Figure 1.3a. However, in real electrolysis 

process, it usually requires more input energy than the expected potential to drive hydrogen 

evolution reaction (HER) or oxygen evolution reaction (OER).  The difference between theoretical 

potential and experimental potential is called overpotential, which represents the energy that 
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disappeared as useless heat (Figure 1.3b). Although the inner reasons of overpotential arise from 

various aspects, such as the depletion of charge-carriers, the interfacial resistance and electrode 

polarization, the only effective way to improve the H2 production efficiency is reducing the 

overpotential, achieving optimized H2 yield with less electricity consumption.  

 

Figure 1.3. (a) Standard theoretical onset potential for H2 and O2 evolution under different electrolytes. (b) 

Schematic diagram of energy for HER reaction. 

According to previous mechanism study, HER process is a two-electron transfer reaction 

that closely related with proton participation. The dominant HER pathway can be theoretically 

indicated via Tafel slope, which is also a descriptor for HER kinetics. Tafel slope represents the 

overpotential increment that required to increase the current density by 10 times. Small Tafel slope 

indicates the sharp increase of HER current density, contributing to facilitated H2 production. As 

the reaction pathway shows, the first step of HER is the Volmer reaction, representing the initial 

discharge process. The following step has two different pathways to generate H2, naming 

Heyrovsky and Tafel reactions, respectively. The detailed reaction equations and corresponding 

Tafel slopes calculated from Butler-Volmer theory are illustrated as follows:  

Volmer step: H+ + e- +* → H* (Slope = 118 mVdec-1)  
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Heyrovsky step: H* + H+ + e- → H2 + * (Slope = 39 mVdec-1) 

Tafel step: H* + H* → H2 + 2* (Slope = 29.5 mVdec-1) 

From above discussion, whether it follows Volmer-Heyrovsky or Volmer-Tafel 

mechanism, the interaction between active sites and catalytic intermediate (H*) is the determining 

factor for both H adsorption and H2 desorption processes. To quantize the interaction, hydrogen 

adsorption free energy (△GH*) theory has been proposed as the descriptor of binding strength 

between active site and H* intermediate. As explained by Sabatier theory, the △GH* should show 

a neutral value that is close to zero, which indicates a moderate binding strength between active 

site and H*. When the binding strength is too weak, the active site shows poor H+ adsorption ability, 

which implies great energy barrier for H* intermediate formation, leading to hindered Volmer step. 

If the binding strength is too strong, the energy barrier for H2 desorption may significantly increase, 

the Heyrovsky/Tafel step becomes the determining step for overall HER process. Therefore, 

moderate binding energy can not only ensure efficient H* formation but also facilitate the 

desorption of generated H2, ultimately realizing continuous water electrolysis and H2 production.  

Benefit from hydrogen adsorption free energy theory, the inner mechanism of 

electrocatalysts can be successfully explained by a uniform criterion, giving reasonable theoretical 

understanding to the intrinsic HER activities. More importantly, the criterion can help to predict 

promising catalytic sites for HER process and provide theory-guided strategies for HER catalysts 

design. Platinum (Pt) is well known as the excellent HER catalyst and achieves high hydrogen 

evolution rates under negligible overpotentials in acidic medium. However, the intrinsic factor that 

contributes to outstanding HER performance of Pt is still ambiguous until the thermo-neutral △

GH* of Pt surface is discovered. The H* adsorption on Pt surface behaves like that on hydrogenous 
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and nitrogenous modes, giving a reasonable explanation for the excellent HER performance of Pt. 

After that, there inspires intensive search to seek for earth-abundant catalysts with appropriate H* 

binding strength and the value of △GH* is regarded as a golden rule for choosing alternative 

catalysts that can replace Pt.  

1.1.3 Strategies for Improving Electrocatalytic HER Performance 

From the microscopic point of view, the overall electrocatalytic HER process can be briefly 

described as four steps in Figure 1.4: (1) mass diffusion to electrode surface; (2) adsorbed H+ gets 

an electron and form active H* and (3) H* combination and H2 desorption. These steps are closely 

associated with the apparent HER performance, and the step with highest energy barrier dominates 

the rate-determining step of overall HER process. Firstly, the mass diffusion directly affects the 

concentration of interfacial H+, unimpeded mass transfer can offer abundant protons for continuous 

H2 production. If the mass diffusion is slow, the interfacial pH value will greatly increase as the 

HER reaction proceeds. Proton deficiency and increased interfacial pH environment will result in 

sluggish HER kinetics, leading to mass transfer limited step. Secondly, the interaction between 

proton and electrode surface also plays vital role in electrocatalytic HER reaction. If the electrode 

surface shows poor affinity to H+ or the H+ is difficult to accept electron to form active H*, the 

energy barrier of Volmer step may dramatically increase. Thus, Volmer step will becomes the rate-

determining step of HER process, weakening the HER kinetics. Thirdly, the last H2 desorption 

step is also important for HER kinetics because the H2 desorption is the recovery process of active 

site. Only the produced H2 releases from the catalytic site, the active site can initial the next round 

of HER process. If not, the catalyst will be poisoned, causing deactivation of the active sites. 
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Figure 1.4. Microscopic reactions on the surface of electrode during electrocatalytic HER reaction (Volmer-

Tafel mechanism). 

By fully understanding the microscopic reactions involved in HER process, corresponding 

strategies for improving electrocatalytic HER performance can be proposed. (1) Constructing 

hierarchical porous structures or decreasing the interfacial resistance between electrolyte and 

electrocatalysts for accelerated mass transfer. (2) Engineering surface defects or surface functional 

groups to optimize the intrinsic H* binding strength of electrocatalysts.6 (3) Growing 

electrocatalysts on three-dimensional (3D) conductive current collectors or coupling active 

materials with conductive species to facilitate the electron transfer. (4) Choosing electrocatalysts 

with weak binding strength of H2 or keeping constantly stirring to promote the desorption of 

produced H2. 

1.1.4 A General View of Electrocatalysts for HER  

For the past decades, a great number of non-noble metal-based catalysts have been 

designed based on hydrogen adsorption free energy theory, exhibiting comparable even superior 

HER performance than Pt surface.7 Among these well-developed HER catalysts, the most 
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important HER catalyst is molybdenum disulfide (MoS2).8-11 Hinnemann et al. first discover that 

the edge site of MoS2 shows a moderate △GH* that close to nitrogenase, breaking the conventional 

cognition of MoS2 as an inactive HER catalyst. After that, researchers have performed tons of 

modification on nanoscale MoS2 catalysts to engineer the active sites and electronic structures for 

improved the HER performance. (1) Exfoliation strategy is first proposed to convert 1H-MoS2 into 

metallic 1T-MoS2, which can expose more competitive HER activities and attain better electrical 

conductivity.12-13 (2) Various porous structure of MoS2 are well designed to increase the specific 

surface area and maximize the number of exposed active sites.14-15 (3) Heteroatoms, such as Co, 

Ni, V and Pt, have been incorporated into the MoS2 matrix to engineer the electronic structure and 

surface charge distribution of the host MoS2, leading to optimized free energy of H* adsorption. 

(4) Conductive species, including graphene, carbon nanotube and carbon fiber, are introduced to 

couple with MoS2 for reduced charge transfer resistance.16 

Benefit from the intensive interests of electrocatalytic HER, the library of HER catalysts is 

greatly broadened, including other metal sulfides, metal nitrides and metal phosphides.6, 17-24 For 

example, metallic iron-nickel sulfide nanosheets shows an overpotential of 105 mV at 10 mA/cm2 

and a reduced Tafel slope of 40 mV/dec in acidic medium. Hollow Zn0.3Co2.7S4 exhibits superior 

pH-universal HER activity, requiring overpotentials of 80, 90 and 85 mV to realize current density 

of 10 mA/cm2 in 0.5 M H2SO4, 0.1 M phosphate buffer and 1.0 M KOH solutions, respectively. 

Tungsten nitride nanorod array is also synthesized and regarded as an all-pH durable HER catalyst, 

achieving a current density of 10 mA/cm2 under an overpotential of 198 mV. Owing to the 

excellent conductivity and highly active catalytic sites, metal phosphides also show great potential 

to act as HER catalysts in not only strong acidic solutions, but also in harsh alkaline and neutral 

electrolytes. Ni2P (001) surface is successfully predicted as an active HER catalyst due to the H* 
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binding behavior that similar to [NiFe] hydrogenase, and the as-prepared Ni2P nanoparticles reveal 

excellent HER activity that comparable to commercial Pt.25 Carbon-Shell-Coated FeP shows a low 

overpotential of 71 mV at 10 mA/cm2 and negligible activity loss after 10 000 cycles.26 Ternary 

NiCo2Px Nanowires shows remarkable pH-universal HER activity and long-term stability.27-28 

Besides, Sun et al. synthesize different metal phosphides grown on 3D substrates through gas-

solid reaction, obtaining a large number of excellent HER electrocatalysts with reduced 

overpotentials and outstanding long-term stability.29 

 

Figure 1.5. Possible OER mechanisms in alkaline medium. 

1.1.5 Improved OER Performance 

In addition to intrinsic properties of HER electrocatalysts and electrolyte environment, the 

OER kinetics occurred at the anode also has significant influence on HER performance.30-32 As 

known, the total overpotential of the water electrolysis is composed of the overpotentials at the 

cathode and the anode, and the efficiency of anodic reaction plays important role in the overall 

water splitting process.33-35 It is widely accepted that the majority of the total overpotential of water 
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electrolysis systems is generated from the anodic OER reaction, because the anodic OER reaction 

involves a sluggish proton-coupled four electrons transfer process. To overcome the efficiency-

limiting step for overall water splitting, efficient OER catalysts are in demand to optimize the 

anode process. 

The possible mechanism of OER in alkaline medium are presented in Figure 1.5, and 

representative active intermediates on electrode surface are denoted M-OH, M-O and M-OOH, 

respectively.  According to the diagram of mechanism, the initial step of OER is the formation of 

M-OH intermediate, the energy barrier of this step is determined by OH- affinity on the surface of 

electrocatalysts. The next step of OER pathway is the oxidation of M-OH to produce M-O 

intermediate and release a H2O molecular. Noted that two different approaches can possibly exist 

to form oxygen from a MO intermediate. Production of O2 through the direct combination of 2MO 

or through the formation of peroxide intermediate (MOOH), followed by O2 evolution. Detailed 

equations are illustrated as follows: 

(1) OH- + M → MOH + e (△G1) 

(2) OH- + MOH → MO + H2O (△G2) 

(3) MO + MO → O2 + 2M   or   MO + OH- → MOOH + e (△G3) 

(4) MOOH + OH- → M + H2O + O2 (△G4) 

The overall potential for OER (Ƞ) is determined by the largest △G: 

Ƞ =△GOER – 1.23 = max {△G1, △G2, △G3, △G4} – 1.23 

Thus, developing excellent OER catalysts with lower overpotential is of great importance for 

reducing the energy input of water electrolysis process, realizing improved Faradaic efficiency of 

hydrogen evolution.  
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1.2 Overview of Nitrogen Reduction 

 

Figure 1.6. (a) Possible pathways for N2 fixation. (b)  Necessary potentials to perform N2 reduction and H2 

evolution. 

Based on the above descriptions, hydrogen energy shows great advantages to act as clean 

energy in sustainable society, but it still exists some shortcomings to limit its application. The 

largest undesirable obstacle is the transportation of hydrogen energy. According to the statistics, 

hydrogen energy has the highest specific density (120~142 MJ/kg), but its volume energy density 

is very low.36 Therefore, to simplify the transportation process, liquefaction of hydrogen is 

required before hydrogen energy transportation. However, the liquefaction process needs intensive 

energy input and the liquid hydrogen shipping over long distance still has a lot of challenges in 

terms of storage and safety.  

Ammonia (NH3) possesses a volumetric hydrogen density as high as 10.7 kgH2/100L and 

is promising to react as a convenient hydrogen carrier (liquid form at around 10 bar pressure at 

room temperature).37-40 Besides, NH3 is not only an important energy storage intermediate (liquid 

form, 4.32 kW h/L), it’s also a key industrial chemical for both human beings and ecosystem, such 

as building block for the pharmaceutical synthesis, necessary fertilizer, and feedstock for 
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nitrogenous compounds production.41-43 Nature exhibits outstanding nitrogen fixation ability via 

biological N2 fixation and high-energy N2 fixation, but the natural N2 fixation hardly keep up with 

the sharp increase of the population (Figure 1.6a). To meet the growing demand of industry and 

agriculture, Haber-Bosch process was developed by Fritz Haber and Carl Bosch in the first decade 

of the 20th century, successfully achieving efficiently artificial nitrogen fixation process via the 

following equation: 

N2 (g) + 3H2 (g) ⇌ 2NH3 (g) 

During the Haber–Bosch process, atmospheric nitrogen and hydrogen can be converted into NH3 

in the presence of metal catalysts under high temperatures and pressures (400–500 °C and 15–25 

MPa). Until today, Haber–Bosch process is still the main industrial method for artificial nitrogen 

fixation, contributing more than 50% of nitrogen elements in human body. However, intensive 

energy of this industrial procedure accounts for about 1% of the global energy consumption, 

leading to more than 1% of global CO2 emission.44 Therefore, the current situation of environment 

pollution and energy crisis call for the primary impetus to seek for technical breakthrough and 

improve the artificial ammonia synthesis technology. 

Electrocatalytic N2 reduction (NRR) is regarded a green and sustainable strategy for NH3 

production, since it can be driven by clean electrical energy derived from renewable solar and wind 

energy.41, 45 N2 reduction via electrolysis is also an environmentally friendly reaction, in which 

inert N2 and water serve as nitrogen precursor and proton donor, respectively. Thus, 

electrocatalytic NRR holds great promise to realize carbon-free and sustainable NH3 production 

from earth-abundant N2 and H2O.46 However, sturdy N≡N triple bond has an average bond energy 

as high as 941 kJ/mol, the activation process of inert N2 molecule encounters a very high energy 
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barrier.46 The great energy barrier should ascribe to large energy gap between the highest occupied 

orbitals and lowest unoccupied orbitals of N2 (10.82 eV) and high ionization potential of N2 (15.8 

eV). As shown in Figure 1.6b, the reduction potential to form N2
- through N2 + e → N2

- is about -

4.2 V versus NHE, and the first proton-coupled electron transfer reaction N2 + H+ + e → N2H also 

requires a reduction potential of -3.2 V versus NHE. The negative electron affinity (-1.9 eV) and 

hindered protonation indicate the activation of N2 molecule is thermodynamically forbidden.  

 

Figure 1.7. Schematic of N2 bonding to active sites. (a) σ donation from N2 and (b) π backdonation to N2. 

It is widely accepted that the N2 activation efficiency is largely determined by the 

interaction between active site and long-pair electrons of N2. Take transition metal (TM) active 

site as an example, the unoccupied d orbitals of TM center can accept long pair-electrons from N2 

(Figure 1.7a); and the occupied d orbitals of TM donate d electrons into the antibonding orbitals 

of N2 molecular (Figure 1.7b), which greatly weaken the N≡N triple bond and simultaneously 

strengthen the bonding between TM center and nitrogen.47-48 The combination of unoccupied d 

orbitals and spare d electrons can form bonds of σ and π symmetry, respectively, leading to 

effective N2 activation and following hydrogenation process. Thus, to realize high-efficient NRR 
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performance, seeking for appropriate catalysts that can effectively activate N≡N triple bond is the 

first step. 

 

Figure 1.8. Possible NRR reaction pathways to produce NH3. 

After the initial N2 activation, there exist three possible NRR pathways to convert N2 into 

NH3, naming associative distal mechanism, associative alternating mechanism and dissociative 

mechanism on the basis of N2 dissociation and different order of hydrogen addition (Figure 1.8). 

In the associative mechanism, N2 molecule first binds to the active catalytic site and then undergoes 

step-by-step hydrogenation process. For the end-on adsorption mode, hydrogenation prefer to 

occur on the N atom farther away from the active sites in the associative distal pathway. The 

successive hydrogenation leads to the release of first NH3 molecule and leaving an adsorbed N 

atom. With the new round of hydrogenation on the other N atom, the second NH3 molecule forms 
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and finally releases from the active center. In the alternating pathway, hydrogenation steps 

alternatively occur between the two N atoms, experiencing symmetric intermediates of diazene 

(HNNH) and hydrazine (H2NNH2), respectively. Then two NH3 molecules forms and releases 

from the catalytic site in sequence, finishing the overall N2 reduction process. As for dissociative 

mechanism, the triple bond of the N2 molecule is first broken, leaving two active adsorbed N atoms 

on the catalyst surface. Followed by the dissociation of N2, hydrogenation on the adsorbed N atom 

occurs until the NH3 molecule formation. 

To reduce the activation energy of NRR, well-designed catalysts are introduced to provide 

an alternative reaction mechanism with a lower activation barrier. Be spired by the active FeMo 

cofactor in nitrogenase (Figure 1.9), a great number of Mo- and Fe-based electrocatalyst are first 

synthesized and dramatically promote the efficiency of electrocatalytic NRR.49 Defect-rich MoS2 

displays enhanced electrocatalytic N2 reduction performance and attains a high Faradaic efficiency 

of 8.34% in 0.1 M Na2SO4.50-51 Mo2C nanodot embedded in ultrathin carbon nanosheet realize 

robust electrocatalytic NRR with a high NH3 yield rate of 11.3 µg h−1 mg−1
cat. and NRR Faradaic 

efficiency of 7.8%.52 Single Mo atoms on N-doped porous carbon achieves a high rate of NH3 

production and a Faradaic efficiency of about 14% in 0.1 M KOH solution.53 Porous Fe2O3 

nanorods grown on carbon cloth can also act as a superior electrocatalyst to convert N2 into 

ammonia with a Faradaic efficiency of 7.69% in 0.1 M Na2SO4. Spinel Fe3O4 nanorod anchored 

on a Ti mesh exhibits outstanding and durable NRR electrocatalyst, attaining faradaic efficiency 

of 2.6% under ambient conditions. 
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Figure 1.9. Nitrogenase component proteins and their associated metal clusters.54 

Other electrocatalysts, including single atom electrocatalysts (SACs), carbon-based 

electrocatalysts and other TM-based electrocatalysts, are also designed from both of the 

experimental and theoretical perspectives, greatly enriching the library of NRR electrocatalysts.  

Single tungsten atom anchored on graphitic carbon nitride is predicted with a limiting potential of 

-0.35 V through associative enzymatic pathway, it also shows great potential to suppress 

competing hydrogen evolution reaction for improved Faradaic efficiency.55 Ti or V single atom 

anchored on defective graphene requires potential determining step of 0.69 eV and 0.87 eV, 

respectively, indicating the advantages of single atom electrocatalysts on graphene substrate.56 Ru 

single atoms on nitrogen-doped carbon achieves a NRR Faradaic efficiency of 29.6% and yield 
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rate of 120.9 µgNH3 mg−1 h−1.57 Multishelled hollow Cr2O3 microspheres, as a non-noble metal 

electrocatalyst, show efficient and selective NRR performance for NH3 production, achieving 

Faradaic efficiency of 6.78% in 0.1 M Na2SO4.58 Oxygen-vacancy-rich TiO2 grown on Ti3C2Tx 

MXene also exhibits excellent NRR performance as oxygen vacancies can active the inert N2 

molecule and highly conductive Ti3C2Tx nanosheets could not can offer unhindered electron 

transfer.59 Bimetallic PdCu on reduced graphene oxide presents a synergistic effect, leading to 

superior electrocatalytic NRR performance.60 

1.3 Structure of Thesis 

Based on the above analysis, electrocatalytic HER and NRR are very important reactions in the 

field of energy conversion and utilization. The primary objective of this thesis is designing highly 

efficient water splitting and NRR electrocatalysts by surface and interface engineering, the detailed 

organization of the thesis are summarized as follows: 

Chapter 1: Introduction. In this chapter, the significance and basic principles of water splitting is 

first introduced, followed by effective strategies for enhanced water splitting performance and 

current HER catalysts development. Then, the importance of nitrogen reduction is presented, and 

possible NRR mechanisms are also explained to deepen the understanding of NRR electrocatalysts 

development. Last, the context of the thesis is summarized for the guidance of the reading. 

Chapter 2：Promoted interfacial H2O supply by surface hydroxyl groups for enhanced alkaline 

hydrogen evolution. This chapter applies M/3D graphene modes (M = MoS2, Pt, Fe, Ni@NiO and 

Co@CoO) to study the effect of interfacial H2O supply on HER kinetics. Hydroxylated surface is 

then designed to facilitate the interfacial H2O supply and boost the HER kinetics. The effect of 

surface hydroxyl groups on HER is investigated from both theoretical and experimental view. 
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Chapter 3：Active site engineering of Fe- and Ni-sites for highly efficient electrochemical overall 

water splitting. In this chapter, we fabricate self-supported Fe-doped Ni2P electrocatalyst based on 

cost-effective 304-type SS mesh, and successfully realize selective water splitting performance by 

controlling the atomic content of Fe dopant. The combination of experimental and theoretical 

results clarifies the role of Fe dopant on bifunctional Ni-Fe-P surface. 

Chapter 4: Unusual electrocatalytic nitrogen reduction of sulfurized Pt nanoparticles. This chapter 

demonstrates that sulfurized Pt nanoparticles plays a pivotal role in effective activation of N2 and 

suppression of undesirable HER for improved electrochemical NRR efficiency. DFT calculation 

is first applied to predict the theoretical HER performance and NRR mechanism. PtS nanoparticles 

on carbon cloth are then fabricated to investigate the enhanced NRR performance of sulfurized Pt 

nanoparticles.  

Chapter 5: Computational design of transition metal single atom electrocatalysts on PtS2 for 

efficient nitrogen reduction. In this chapter, we propose computational methods to evaluate NRR 

performance of single atom electrocatalysts supported on PtS2 substrate. Besides, the inner 

relationship among potential limiting step, binding strength of N* and unoccupied d orbitals of 

single atom center is first established, bridging the NRR activity and intrinsic electronic structure 

of SACs.  

Chapter 6: Summary and future prospect. In this chapter, the results of this thesis are summarized, 

and the future prospect is also described. 
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2 Promoted Interfacial H2O Supply by Surface Hydroxyl Groups 

for Enhanced Alkaline Hydrogen Evolution 

2.1 Objective and Motivation 

Robust hydrogen evolution reaction (HER) in alkaline solution using a cost-effective 

catalyst is still a critical challenge for industrial H2O electrolysis. The dramatical depletion of 

interfacial H2O and hindered OH− diffusion bring about harsh interfacial environment, and thereby 

lead to sluggish hydrogen evolution. Here we develop heterogeneous catalysts based on the defect-

rich three-dimensional graphene (M/3D graphene) and achieve promoted HER kinetics via surface 

hydroxyl group modification on graphene surface. Our theoretical studies suggest that the surface 

hydroxyl groups derived from the hydroxylation process effectively attract multi-overlayers H2O 

clusters without thermodynamic barrier and form reservoir to continuously supply H2O for 

catalytic sites. Electrochemical characterizations indicate the HER kinetic per active 

electrochemical surface area has been greatly improved after crafting abundant hydroxyl groups 

on 3D graphene framework, which can be attributed to sufficient proton donor and ameliorative 

interfacial pH environment. Benefiting from the surface hydroxyl group modification, MoS2/3D 

graphene structure occurs HER at a low onset potential of 60 mV in alkaline medium and exhibits 

excellent durability after 3000 cycles. This surface modification strategy unveils the importance 

of interfacial H2O supply on HER kinetics and provides general guidance on designing high-

efficient catalysts in alkaline medium. 
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2.2 Introduction 

The Hydrogen fuels, with zero carbon emission and high energy density, have stimulated 

large-scale industrial hydrogen production. Currently, electrolysis of H2O is the principal pathway 

for producing large amount and high purity hydrogen in industry.61-65 Hydrogen evolution by H2O 

electrolysis in industry mainly occurs in alkaline medium instead of acidic solution. There are two 

major reasons for the use of alkaline solution. First, it can effectively retard the corrosion of 

equipment that usually occurs in acidic solution. Second, alkaline hydrogen evolution is more 

promising to couple with oxygen evolution reaction (OER) to accomplish electrochemical overall 

H2O splitting. 66 Unfortunately, the sluggish kinetics and low efficiency of hydrogen evolution in 

alkaline medium prevent the wide implementations of hydrogen evolution. Even for the most 

efficient hydrogen evolution reaction (HER) catalyst, Pt, the HER kinetic in alkaline electrolyte is 

2-3 orders of magnitude slower than that in acidic medium.67 So far, the sluggish kinetics of 

alkaline HER have been generally understood from the following three aspects: (1) inert Volmer 

reaction (M + H2O + e− → MHads + OH−), which involves in H2O dissociation and reactive Had 

intermediate formation, (2) high energy barrier for negatively charged hydroxide ion (OH−) 

desorption and (3) harsh interfacial environment due to hindered interfacial mass transfer.68-69 

      Extensive efforts have been dedicated to design highly active catalytic centres for H2O 

dissociation and choose catalysts with Gibbs free energy of adsorbed OH− (△GOH−) that close to 

zero.70-76 However, the hindered interfacial mass transfer still diminishes hydrogen evolution rate 

in alkaline medium. As the H2O dissociation proceeds, the interfacial H2O molecule dramatically 

depletes and lots of OH− ions are released from the catalytic sites.67 The abrupt depletion of H2O 

and accumulation of OH− inevitably bring about sharp increase of interfacial pH value around the 

active sites, which suppresses continuous catalytic reaction and leads to sluggish kinetics and 
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probably accounts for the poor long-term durability. Thus, aimed to ensure long-lasting efficient 

alkaline HER process, timely H2O supply or rapid OH− diffusion are required to dilute the 

interfacial OH− concentration and balance the pH environment promptly.77 In addition, the 

successive H2O supply will maintain adequate proton source for continuous alkaline hydrogen 

evolution reaction. Unfortunately, large reorganization energy for interfacial H2O in alkaline 

medium prevents the efficient OH− transfer through electric double layer.9 Therefore, it is 

important to develop effective strategies to increase the interfacial H2O supply, and it will be more 

significant if the well-designed strategies can perform efficiently and sustainably in severe alkaline 

medium. 

      It is widely accepted that hydrogen bond is a desirable electrostatic attraction, and it plays a 

vital role in attracting H2O clusters and realizing facilitated ionic transport in biosystems.78 For 

example, [Fe-Fe] hydrogenase has been discovered with efficient proton transport pathway that 

composed by amino residues and H2O clusters, where the pendant amines attract H2O clusters via 

strong H-bond and forms water-rich channels for continuous proton stream supply for active 

catalytic centers.79-80 Despite the superior hydrophily of amino residues, its inherent intolerance of 

harsh pH environment blocks the feasibility of application in alkaline medium, and the 

modification of amino acid on electrode surface may lead to steric effect due to its huge molecule 

volume, shielding the intrinsic active catalytic site. Therefore, it inspires us to seek for suitable 

modification methods to create alkali-tolerant electrode surface that can effectively attract H2O 

clusters via strong H-bond interaction.  

      Surface hydroxyl group is an excellent alternative to replace amino residues because its 

superior hydrophilic nature and excellent stability in alkaline medium. Besides, surface hydroxyl 

group only occupies small space and is easy to create through mild treatment. So far, lots of 



 

36 
 

hydroxylated surfaces show enormous potential to adsorb H2O molecules without thermodynamic 

barrier.81-82 Thus, the surface with abundant surface hydroxyl groups is promising to attract free 

H2O molecules for successive H2O dissociation and relieve the sluggish HER kinetics induced by 

hindered interfacial mass transport. To address this challenging issue, we first demonstrate a 

strategy to craft defect-rich 3D self-supported graphene and realize the enhancement of HER 

performance by converting other surface functional groups (C-H or C=O) into surface hydroxyl 

groups. More importantly, the surface hydroxyl group also plays positive role in hydrogen 

evolution in M/3D graphene composite structures (M=MoS2, Pt, Fe, Ni@NiO and Co@CoO), and 

all the structures show promoted HER kinetics after surface hydroxylation. The hydroxyl groups 

anchored on the 3D graphene frameworks tightly bond with free H2O molecules via strong H-bond 

and form reservoir on cathode surface, offering continuous H2O stream for catalytic active sites. 

The facilitated interfacial H2O supply is conducive to sustain adequate proton donor for hydrogen 

evolution and balance the interfacial pH environment by diluting the interfacial OH− concentration. 

Moreover, the 3D graphene skeleton provides unimpeded channels for efficient electron transfer 

and electrolyte transport during electrocatalytic process. In MoS2/3D graphene structure, surface 

hydroxyl group, porous graphene framework and active catalytic sites synergistically collaborate, 

contributing to an excellent HER performance and long-term durability even in an alkaline solution 

of pH = 14.0. 

2.3 Experimental Section 

2.3.1 Synthesis and Preparation: The MoS2/3D graphene structure synthesis was composed by 

two steps. At first, 0.1 g glucose, 0.1 g (NH4)2MoS4 and 1.0 g NH4Cl were dispersed in 20 mL 

ethanol by vigorous stirring to uniformly coat the glucose and (NH4)2MoS4 on the surface of 

NH4Cl. Next, the mixture was then baked on a hot plate at 65 °C under a continuous stirring to 
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vapor the solvent. After ethanol evaporation, grey black precursors can be collected. The grey 

black precursors then experienced a two-step annealing process in a tube furnace, the heating rate 

was 10 °C /min. The heating center temperature of the furnace was raised up to 500 °C and held 

at this temperature for 60 min, and was then continuous raised the temperature to 1000 °C in 100 

min, followed by a constant reaction temperature of 1000 °C for 30 min. H2 atmospheres was 

selected in the first-stage of annealing process to lower the decomposition temperature of 

(NH4)2MoS4 and increase the content of sp3 carbon in graphene frameworks. The second annealing 

was performed under Ar atmosphere, accounting for the etching interaction between H2 and MoS2 

when the temperature was above 500 ℃. Other M/3D graphene structures (M = Pt, Fe, Ni@NiO 

or Co@CoO) were fabricated via above annealing process except for replacing the 0.1 g 

(NH4)2MoS4 with 0.021 g H2PtCl6•6H2O, 0.062 g FeCl3, 0.112 g Ni(NO3)2•6H2O or 0.095 g 

Co(CH3COO)2•4H2O, respectively. The M/3D graphene structures (M = Pt, Fe, Ni@NiO or 

Co@CoO) were denoted as Pt-G, Fe-G, Ni@NiO-G or Co@CoO-G, respectively. The 

hydroxylated samples were obtained by treating the samples in a 1.0 M NaOH solution, then the 

dispersed samples in the NaOH solution was washed with DI H2O. 

2.3.2 Electrochemical Tests: A three electrodes electrochemical station was used to perform 

electrochemical measurements (Solartron Analytical). All alkaline tests were performed in a 

solution of 50 mL of 1.0 M NaOH electrolyte (pH = 14.0), the HER performances in neutral 

medium was performed in 0.5 M Na2SO4. Typically, 10 mg of sample and 20 µL Nafion solution 

were dispersed in 1.0 mL isopropanol solution, followed by ultrasonic treatment for 1 h to form a 

homogeneous ink. Then 10 µL of the dispersion was loaded onto a polished glassy carbon 

electrode with the diameter of 3 mm. The glassy carbon electrode loaded with sample, graphite 

rod and Hg/HgO were applied as working electrode, counter electrode and reference electrode, 
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respectively. The performance of the HER was tested using linear sweep voltammetry (LSV) with 

a scanning window of 0 V to -0.8 V vs RHE and a scan rate of 10 mV s−1. The durability of MoS2-

G was evaluated by cycling test of 3000 times. All the LSV curves are corrected with iR 

compensation. 

2.3.3 Electrochemical Active Surface Area: Electrochemical capacitance measurements were 

used to calculate the active surface area of the MoS2-G. The applied potential was set between 

0.12 to 0.22 V vs. SCE for 20 cycles at different scan rates (5, 10, 20, 30 and 50 mV/s). The 

capacitive currents were measured in the potential range of no faradic reactions and the current 

data were collected at the 0.17 V vs. SCE. Then, the capacitive currents were plotted as a function 

of scan rate to calculate the double layer capacitance. The EASA can be calculated based on 

following equation: 

EASA=Cdl/Cs 

Cdl is the double layer capacitance and Cs is the specific capacitance. In general, the specific 

capacitance for a flat surface is in the range of 0.02-0.06 mF/cm2. In this paper, we choose the 

value of 0.04 mF/cm2 in 1.0 M NaOH to calculate the EASA. 

2.3.4 Characterizations: The morphology of MoS2/3D graphene structure was characterized by 

scanning electron microscope and scanning transmission electron microscope (SEM, Jeol JSM-

6335F & TEM, Jeol JEM-2100F). The crystal structure and composition of MoS2/3D graphene 

structure were measured by X-ray Diffractometer (Rigaku SmartLab) and Raman spectroscope 

(Horiba HR800) with an excitation wavelength of 488 nm. The electrochemical impedance 

spectroscopy (EIS) of MoS2-G before and after alkaline treatment were performed by a three-

electrode configuration using CHI-660E electrochemical analyser. The surface valence state of 
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samples were tested by using X-ray photoelectron spectroscopy (XPS, Thermol Scientific Escalab 

250Xi, Al Kα radiation). The contact angle of samples were investigated by water contact angle 

measurement (SDC-350). 

2.3.5 Theoretical Calculations: Theoretical calculations were performed using density functional 

theory (DFT) as implemented in the VASP code (5.4) with exchange-correlation energy functional, 

which were modeled by Perdew-Burke-Ernzerhof (PBE) functional.83-84 The cut-off energy was 

set to be 450 eV and all structures were relaxed to an energy convergence of 10-5 eV/atom and a 

force convergence of 0.02 eV/Å, respectively. During the geometrical optimization, 2 × 2 supercell 

was applied to mimic the H2O adsorption on graphene and the k-points was 3 × 3 × 1. The thickness 

of vacuum in all the models was set to 30 Å to eliminate the interactions between the layers caused 

by the periodic boundary condition. Van der Waals (vdW) interaction correction was applied to 

all the structures by Grimme’s DFT-D2 method. The adsorption energy of adsorbed H2O, Ead, was 

defined as the mean adsorption energy per H2O molecule of the structure: 

Ead = (E (H2O)/sub – E sub – n×E H2O)/n 

The binding energy of free H2O cluster, Ebind, was defined as the mean binding energy per H2O 

molecule of the structure:  

Ebind = (E cluster – n×E H2O)/n 

Here, E (H2O)/sub is the total energy of the adsorption system, Esub, E cluster and E H2O are energies of 

the substrate, free H2O clusters and free molecules, respectively, and n is the number of H2O 

molecules in the supercell. 
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2.4 Characterizations of catalysts and evaluation of HER activity  

Figure 2.1a schematically illustrates a two-step process for the growth of MoS2/3D 

graphene structure (MoS2-G). After the two-step consecutive temperature-programmed 

calcination, the glucose turns into porous graphene via the blowing process induced by thermal 

decomposition of NH4Cl, and (NH4)2MoS4 simultaneously decompose into few-layered MoS2 

nanosheets decorated on the surface of 3D graphene framework.85-86 The successful preparation of 

MoS2/3D graphene is confirmed by X-ray diffraction (Figure 2.1b) and Raman spectra (Figure 

2.1c). The diffraction peaks of MoS2-G are assigned to the plane (002), (100), (102), (103), (006), 

(104), (105) and (110) of 2H-MoS2 (PDF No. 87-2461), which shows similar pattern with the 

MoS2 sample prepared in the same condition without glucose. A broad diffraction peak at 2θ = 22° 

can be observed in MoS2-G sample, which is recognized as the characteristic peak of defect-rich 

graphene, implying a d-spacing of 0.405 nm. Figure 2.1c illustrates the characteristic Raman peaks 

of MoS2 at 380 and 405 cm−1, which represent in-plane (E1 
2g) and out-of-plane (A1g) vibrational 

modes, respectively.87 The A1g mode exhibits higher intensity than that of E1 
2g mode, indicating that 

the MoS2 is edge-terminated dominated structures. The Raman peaks at 1350 cm−1 and 1580 cm−1 

correspond to the D and G bands of graphene.88-92 The D peak is associated with the size of the in-

plane sp2 (C=C) domains of graphene, and the relative intensity ratio of D peak and G peak (ID/IG) 

is an indicator of disorder degree. The ID/IG in our sample is approximately 0.97, suggesting that 

the graphene framework is rich of defects.  
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Figure 2.1. (a) Schematic illustration of the two-step thermolysis process for the fabrication of porous 

MoS2-G structure. (b) X-ray diffraction spectra of the as-grown porous MoS2-G and MoS2 nanosheets 

prepared under the same anneal process. (c) Raman spectra of the porous MoS2-G sample. 

      The surface chemical state is further characterized by X-ray photoelectron spectroscopy (XPS) 

to analyse defect types of graphene. Figure 2.2a shows XPS spectrum of the MoS2-G. The 

pronounced peaks in the XPS spectrum consist of Mo, S, C and O, excluding the possibility of 

nitrogen-doping induced by the thermolysis of NH4Cl. The element fraction of O in MoS2-G is 

13.14%, further confirming the oxygen-rich nature of 3D graphene. As shown in the high 

resolution XPS spectrum of C 1s (Figure 2.2b), the dominant carbon species in graphene 

framework is sp2 carbon with a fraction of 49.71%. The high percentage of sp2 carbon enables 

good conductivity for the electron transfer in MoS2-G. Another primary carbon species existing in 

the graphene framework is sp3 carbon (C-C or C-H), accounting for 31.58% in the total amount of 

carbon element. Minor fraction of C-O and C=O are also discovered in graphene framework, 
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occupying proportions of 11.06% and 7.65%, respectively. The high resolution XPS spectrum of 

O 1s (Figure 2.2c) demonstrates that three types of O species exist on the framework of graphene, 

implying the graphene surface with abundant oxygen-containing functional groups. 

 

Figure 2.2. (a) XPS spectra of prepared MoS2-G. (b) The C1s and (c) O1s XPS spectra of MoS2-G sample. 
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Figure 2.3. (a) SEM image of porous MoS2-G structure. (b) STEM-EDS elemental mapping images of the 

MoS2-G. (c) High-resolution TEM image for the MoS2 nanosheet. Inset is the SAED pattern of the MoS2 

nanosheet anchored on the surface of graphene framework and the standard crystal structure of MoS2. The 

d002 in standard PDF card is 6.15 Å, which is consistent with the HRTEM pattern. (d) The schematic 

diagram of H2 evolution on the surface of MoS2-G structure in alkaline medium.         

The morphology of the MoS2-G was investigated by scanning electron microscopy (SEM) 

and transmission electron microscope (TEM). As indicated in Figure 2.3a, the skeleton of MoS2-

G exhibits continuous 3D carbon membranes with micrometre-width pores. This 3D graphene 

framework derived from the sugar blowing technique not only provides an electrically conductive 

pathway for electron transfer, but also facilitates efficient electrolyte transport for electrocatalytic 

reaction. The TEM images (Figure 2.3b and Figure 2.4a) show that the MoS2 nanosheets are 

mainly decorated on the surface of 3D graphene, and the average sheet size is 10-20 nm. As the 
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HRTEM image depicted in Figure 2.3c and Figure 2.4b-2.4d, the MoS2 grown on 3D graphene 

framework reveals an average interlayer spacing of 0.63 nm, which is in accord with the standard 

(002) crystal spacing of MoS2. The well-matching d-spacing value shows that the MoS2 nanosheets 

are vertically grown on the surface of 3D graphene framework, which exposes more active sites 

for H2O dissociation.93 Thus, the microstructure of MoS2-G can be schematically depicted as 

Figure 2.3d. The vertically aligned growth mode of MoS2 not only maximizes the exposure of 

active catalytic sites, but also provides a regulated electron transfer in the basal plane, reducing the 

interlayer electron hopping resistance.94-95 

 

Figure 2.4. (a) TEM and (b-d) HRTEM images of the MoS2-G heterojunctions. 
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Figure 2.5. (a) The C 1s and (b) O 1s XPS spectra of MoS2-G sample after NaOH treatment. (c) The 

percentage change of C and O species on the surface of MoS2-G after NaOH treatment. (d) Schematic 

illustration for the difference of H2O transfer process between the surface with C-H and C-OH surface. 

            To investigate the effect of surface hydroxyl group on alkaline HER performance, we 

applied conventional alkaline treatment to induce the functional groups conversion,96 and used 

XPS to confirm the increasing concentration of surface hydroxyl groups (Figure 2.5a-2.5b). The 

MoS2-G after the NaOH treatment is denoted as MoS2-G-OH. The high resolution XPS spectra of 

Mo and S display negligible difference before and after alkaline treatment (Figure 2.6), indicating 

that MoS2 exhibits good stability during alkaline treatment.97 However, obvious changes of the 

surface functional groups on 3D graphene have been observed after the alkaline treatment. As 

clarified in Figure 2.5c, the fractions of sp3 carbon and C=O of 3D graphene show obvious 
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reduction after the NaOH treatment, decreasing 1.7% and 2.51%, respectively. The ratios of sp2 

carbon and aliphatic C-O remain almost unchanged throughout the NaOH treatment process. In 

contrast, the contents of C-O in C 1s and phenolic C-O in O 1s increase, especially for phenolic 

C-O, greatly increasing from 26.78% to 37.24%. The increase of phenolic C-O possibly brings 

about abundant surface hydroxyl groups, which have potential to form reservoir and enrich 

interfacial H2O molecules for continuous H2O supply (Figure 2.5d).  

 

Figure 2.6. Chemical composition analysis by XPS for (a) Mo and (b) S in MoS2-G sample before 

(downside) and after NaOH treatment (upside). 

The enhancement of HER performance induced by surface hydroxyl group is then 

confirmed by comparing the electrochemical hydrogen evolution characters of MoS2-G and MoS2-

G-OH. Neutral Na2SO4 solution is selected as electrolyte, because the HER mechanism in Na2SO4 

solution is similar to that in alkaline medium and it is easier to evaluate the positive influence of 

hydroxyl group induced by alkaline treatment in a non-alkaline medium. As expected, hydroxyl 

group modification greatly promotes the electrocatalytic HER performance of MoS2-G, giving rise 

to the great reduction of overpotential and sharp increase of current density, simultaneously 
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(Figure 2.7a). The Tafel slope of MoS2-G before and after treatment reveals that the hydroxyl 

group modification leads to negligible change of HER mechanism.  

 

Figure 2.7. The iR-corrected LSV curves of MoS2-G before and after NaOH treatment in 0.5 M Na2SO4 

solution. Scan rate: 10 mV s−1. Inside is the Tafel plots of MoS2-G before and after NaOH treatment. The 

iR-corrected LSV curves of (b) MoS2 and (c) 3D graphene samples before and after NaOH treatment in 0.5 

M Na2SO4 solution. Scan rate: 10 mV s−1. (d) Polarization curves of MoS2-G normalized to the EASA 

before and after NaOH treatment in 0.5 M Na2SO4 solution. Scan rate: 10 mV s−1. 

Electrocatalytic HER tests are also conducted on alkaline treated 3D graphene and MoS2 

samples separately to investigate the internal cause of enhanced HER performance (Figure 2.7b-

2.7c). The sharp contrast between 3D graphene and MoS2 further verifies that the hydroxyl group 

modification occurred on 3D graphene framework plays a dominant role in improving HER 
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performance. Electrochemical impedance spectrum (EIS), contact angle and electrochemical 

active surface area (EASA) are then applied to investigate the inner mechanism. Figure 2.8 show 

the electrochemical impedance spectrum of MoS2-G before and after alkaline and their equivalent 

circuit for EIS fitting. Clearly, the hydroxyl group modification brings about negligible change of 

charge transfer resistance (Rct) for MoS2-G. The Rct for MoS2-G before and after the alkaline 

treatment are 2.3 Ω and 2.8 Ω, respectively, the slight increase of Rct should be attributed to the 

increasing oxygen content induced by hydroxyl group modification. However, the solution 

resistance (RS) and electrolyte transfer resistance (Ret) of MoS2-G show decreasing trend after the 

hydroxyl group modification, implying reduced catalysts/electrolyte interface resistance and 

facilitated electrolyte diffusion process.  

 
Figure 2.8. (a) The electrochemical impedance spectrum of MoS2-G before and after alkaline treatment. (b) 

The equivalent circuit for EIS fitting. 

Contact angles of MoS2-G before and after alkaline treatment reveal that higher wettability 

can be observed after surface hydroxyl group modification, rapid interfacial interaction between 

electrolyte and cathode may result in smaller interfacial resistance (Figure 2.9). The EASA before 

and after treatment are also calculated based on the electrochemical double layer capacitance 

(Figure 2.10), the EASA of MoS2-G and MoS2-G-OH are 135.5 and 149.3 cm−2 EASA, 



 

49 
 

respectively. More interestingly, when normalized to the EASA (Figure 2.7d), the MoS2-G-OH 

still displays much higher current density than its counterpart, which means the HER kinetic at 

every active catalytic site has been promoted on hydroxylated surface.    

 

Figure 2.9. Contact angles of MoS2-G (a) before and (b) after alkaline treatment. 

 

Figure 2.10. Cyclic voltammograms were tested in the non-faradaic region of 0.12–0.22 V of MoS2-G (a) 

before and (b) after alkaline treatment. (c) Polarization curves of MoS2-G normalized to the EASA before 

and after NaOH treatment in 0.5 M Na2SO4 solution. Scan rate: 10 mV s−1. 
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Moreover, we use other active materials, such as Pt, Fe, Ni@NiO and Co@CoO to replace 

MoS2 and form different M/3D graphene (M = Pt, Fe, Ni@NiO or Co@CoO) structures (Figure 

2.11) to confirm the universality of enhancement mechanism induced by surface hydroxyl group. 

As the Figure 2.12 show, all of the M/3D graphene structures show obvious enhanced HER 

performance after the hydroxylation process. The dramatically increasing current densities and 

reduced overpotential of alkaline treated samples indicate that the HER kinetics of these M/3D 

graphene systems have been greatly improved. Based on the above analysis, we firmly believe that 

surface hydroxyl group plays a better role of improving HER kinetics than other surface functional 

groups (C-H or C=O), and the positive effect induced by surface hydroxyl group modification can 

be widely extended into different graphene-based materials.     

 

Figure 2.11. The XRD patterns of (a) Pt-G, (b) Fe-G, (c) Ni@NiO-G and (d) Co@CoO-G samples. 
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Figure 2.12. The iR-corrected LSV curves of (a) Pt-G, (b) Fe-G, (c) Ni@NiO-G and (d) Co@CoO-G 

samples in 0.5 M Na2SO4 solution before and after NaOH treatment. Scan rate: 10 mV s−1. 

To shed light on the advantages of surface hydroxyl group on the enhanced alkaline HER 

performance, we conduct first principle calculations to examine the change of electron density 

distribution induced by surface hydroxyl group and visualize the H-bond interaction between 

hydroxylated surface and H2O molecules. C-H (G-H) and C=O (G-vac-O) terminated surfaces 

were selected as the control samples to compare with the hydroxylated surface, because these two 

functional groups may act as necessary precursors for surface hydroxyl group generation (Figure 

2.13a and Figure 2.14a).  The charge density contour plots reveal that surface hydroxylation 

intensifies the nonuniform charge distribution of graphene, and the surface hydroxyl group can 

confine negative electrons more effectively than G-H surface (Figure 2.13b). The electron-rich 
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hydroxyl group can easily attract the H2O molecule and tend to bond with it via typical H-bond. 

The specific optimized geometrical configurations and corresponding H-bond parameters are 

described in Figure 2.13a-2.13b. The G-H surface interacts with H2O molecule via a weak H-bond, 

which possesses a H-bond length of 2.13 Å.  

 

Figure 2.13. (a) Charge density contour plot (topside) of G-H and corresponding H2O adsorption optimized 

configuration (downside). (b) Charge density contour plot (topside) of G-OH and corresponding H2O 

adsorption optimized configuration (downside). Optimized geometrical structures of (c) one-layer (d) two-

layer, (e) three-layer and (f) four-layer H2O clusters adsorbed on G-OH. (g) The comparison of mean 

adsorption energies of H2O molecule on G-OH and mean binding energies of free H2O to form H2O clusters. 
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In contrast, hydroxylated surfaces (G-OH) prefer to bond with the H2O molecule through 

strong H-bond interactions. The adsorption energy of H2O monomer adsorbed on the G-OH (-

20.65 kJ/mol) is much lower than that on the G-H (-14.47 kJ/mol). In addition, although G-vac-O 

sample is observed with nonuniform charge distribution (Figure 2.14b), it still displays inferior 

capability to adsorb H2O molecule than its counterpart (G-vac-OH), showing longer H-bond length 

and weaker thermodynamic feasibility. Thus, hydroxylated surface has more tendency to attract 

H2O molecule and form reservoir to continuous supply H2O molecule for catalytic sites. 

 

Figure 2.14. (a) Charge density contour plot (topside) of G-vac-O and corresponding water adsorption 

optimized configuration (downside). (b) Charge density contour plot (topside) of G-vac-OH and 

corresponding water adsorption optimized configuration (downside). 

To estimate the capacity of hydroxylated surface to attract H2O molecule, the adsorption 

modes of different overlayers H2O clusters on hydroxylated surface are designed. Figure 2.13c-

2.13f demonstrate the adsorption models of one-layer, two-layer, three-layer, and four-layer H2O 

molecules, respectively. And the corresponding mean adsorption energies are depicted in Figure 

2.13g. Interestingly, the G-OH surface shows bi-centre character for H2O adsorption, two H2O 
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molecules can simultaneously bind to the hydroxyl group on graphene surface via strong H-bond 

in the first layer, and the bond lengths are 1.82 Å and 1.85 Å, respectively (Figure 2.13c). Moreover, 

the two H2O molecules in the first layer interact with each other via H-bond, thus contributing to 

a smaller adsorption energy (-28.14 kJ/mol) than that of H2O monomer adsorption mode (-20.65 

kJ/mol). In multi-layer adsorption modes, the H2O molecules in upper layer forms strong H-bond 

to the molecules in the lower plane, and all the modes display thermodynamic feasibility with 

adsorption energies of about -45 kJ/mol.  

 
Figure 2.15. Optimized configurations and binding energies of water clusters with different number of water 

molecules. 

In addition, the mean adsorption energy of H2O clusters on G-OH surface is also compared 

with the mean binding energy of H2O to form free clusters in Figure 2.13g and Figure 2.15. 

Thermodynamically, the existence of G-OH makes H2O aggregation and adsorption more 

approachable. These theoretical calculation results strongly manifest that the introduction of 

surface hydroxyl groups is an efficient way to bond the free H2O clusters on graphene surface 

without thermodynamic barrier. The strong H-bond interaction between hydroxyl groups and H2O 

molecules leads to the formation of reservoir on the cathode surface. The continuous H2O supply 
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for catalytic sites not only ensure sufficient proton source for hydrogen evolution but also ease the 

harsh interfacial pH environment by dilution method.  In addition, the 3D H-bond network formed 

by surface hydroxyl groups and adsorbed H2O clusters may play similar role of proton transfer 

pathway in [Fe-Fe] hydrogenase and facilitate the OH− transfer during the HER performance. 

      To simplify the alkaline treatment process, we directly evaluate the electrocatalytic 

HER performance of MoS2-G in 1.0 M NaOH solution, because in-situ surface hydroxyl group 

modification can be expected in alkaline medium. MoS2-G prepared by adding precursors with 

weight content of 1:1 was chosen as the HER electrocatalyst due to its superior HER performance 

when compared to other counterparts with different weight contents (Figure 2.16). Figure 2.17a 

shows linear sweep voltammetry (LSV) curves within a cathodic potential window of 0 to -0.8 V 

versus reversible hydrogen electrode (RHE), in which MoS2 nanosheets and 3D graphene were 

used as control samples. As Figure 2.17a shows, both MoS2 nanosheets and 3D graphene display 

inferior HER performances, with onset potentials of 260 mV and 100 mV, respectively. 

Remarkably, the HER reaction of MoS2-G occurs at an onset potential of 60 mV and shows a much 

lower overpotential than bare MoS2 and 3D graphene when the cathodic current density reaches 

10 mA/cm2. The MoS2-G sample also demonstrates a much better alkaline HER activity than MoS2 

grown on graphene-mediated 3D Ni networks, which requires a high overpotential of over 600 

mV at a current density of only 4 mA/cm2.98 The Tafel slopes are calculated based on the Tafel 

equation, η = b × log [j] + a, where η is the overpotential, b is the Tafel slope, [j] is the current 

density and a is the Tafel parameter.99 The MoS2-G sample shows a decreased Tafel slope of 70 

mV/decade (Figure 2.17b), which is significantly lower than either sole MoS2 nanosheet (91 

mV/decade) or 3D graphene (202 mV/decade). Clearly, the smaller Tafel slope implies that the 

HER kinetic is more favourable. With constant η, the smaller the Tafel slope is, the faster the [j]. 
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Figure 2.16. a) LSV curves and b) Tafel plots curves of MoS2/graphene structures prepared by adding 

different mass ratio of WATTM:WGlucose = 1:2, WATTM:WGlucose = 1:1 and WATTM:WGlucose = 3:2, respectively, 

in 1.0 M NaOH solution. 

The HER performance of our MoS2-G sample is also compared with other Mo-based HER 

catalysts displaying excellent HER performance in alkaline medium (Table 2.1). We can clearly 

observe that MoS2-G still exhibits a superior HER performance than most of other reported Mo-

based HER catalysts. The low onset potential highlights that the HER reaction of MoS2-G is 

feasible at the expense of a small bias, and the decreased Tafel slope indicates the kinetic of the 

water transfer in MoS2-G is efficiently boosted. The stability of MoS2-G is assessed by a long-

term cycling test with a potential window of 0.1 V to -0.5 V. The MoS2-G sample exhibits a 

favourable durability in alkaline medium. As demonstrated in Figure 2.17c, MoS2-G only 

experiences slight performance degradation after 3000 cycles in 1.0 M NaOH solution and the 

current density shows negligible difference after long-term cycling, indicating good stability of 

MoS2-G in alkaline HER process. It can be observed that the HER performance of MoS2-G 

experiences slight degradation, because catalytic layers tend to peeling-off from substrate during 

long-term H2 evolution. This factor is regarded as the major weakness of nano-powder 

electrocatalysts.   
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Figure 2.17. (a) LSV curves of the MoS2-G, MoS2, graphene and 20% Pt/C in 1.0 M NaOH solution. Scan 

rate: 10 mV s−1. (b) Tafel plots of MoS2-G, MoS2, graphene and 20% Pt/C in 1.0 M NaOH solution. (c) A 

durability test of MoS2-G in 1.0 M NaOH. Scan rate: 10 mV s−1. (d) The X-ray diffraction spectra of MoS2-

G samples before and after immersed in 1.0 M NaOH solution for 8 hours. 

Additionally, the chemical stability of the MoS2/3D graphene is confirmed by XRD (Figure 

2.17d). X-ray diffraction peaks of MoS2-G treated in a 1.0 M NaOH solution for 8 hours shows 

unobvious difference with the one before the treatment, indicating good alkali-tolerance of MoS2-

G. XPS spectra is also applied to investigate the chemical stability of MoS2-G after long-term 

alkaline treatment. According to the XPS results in Figure 2.18, dominant MoS2 still retain stable 

elementary valence state and chemical bonding. Only minor Mo4+ is oxidized into Mo6+ due to 
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lone-time exposure to harsh alkaline environment. These results suggest that the MoS2-G structure 

possesses a superior HER performance in alkaline solution. 

 
Figure 2.18. Chemical composition analysis by XPS for Mo in MoS2-G sample (a) before and (b) after 8-

hour NaOH treatment. 

Table 2.1. Comparison of HER performance of various Mo-based electrocatalysts in alkaline medium. 

 Onset Potential (1mA/cm2) Tafel Slope Reference 

Mo2C ≈ 135 mV 54 mV/dec 100 

MoS2/graphene/Ni foam ≈ 300 mV 98 mV/dec 98 

CoMoSx ≈ 120 mV  101 

MoS2/Mo ≈ 80 mV 87 mV/dec 102 

MoS2/Carbon Cloth ≈ 70 mV 156.7 mV/dec 103 

NiS2/MoS2 76 mV 70 mV/dec 104 

MoS2/Ti ≈ 70 mV 100 mV/dec 105 

MoS2@MoP 42 mV  106 

Ni doped MoS2 45 mV 60 mV/dec 71 

MoS2/Ni3S2/Ni Foam ≈ 30 mV 61 mV/dec 107 

This Work 60 mV 70 mV/dec  
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Based on these results, we can clearly see that the defect-rich 3D graphene structure is easy 

to evolve into a hydroxylated surface by mild alkaline treatment. The emergence of abundant 

surface hydroxyl group endows the structure with superior hydrophilic nature. The strong H-bond 

interaction between surface hydroxyl groups and H2O clusters contributes to reservoir on cathode 

surface for continuous H2O supply. Continuous H2O supply not only provide sufficient proton 

resource for alkaline hydrogen evolution, but also promote the interfacial OH− diffusion to balance 

the interfacial pH environment. Proton stream, relieved interfacial pH environment and highly 

active MoS2 active sites cooperate with each other, contributing to robust HER kinetics and 

enhanced alkaline HER performance. 

 

2.5 Conclusion 

In summary, we put forward M/3D graphene mode to study the effect of interfacial H2O 

supply on HER kinetics. Typical electrocatalysts, such as vertically aligned MoS2, Pt, Fe, Ni@NiO 

and Co@CoO, are introduced as active materials for efficient H2O dissociation and hydrogen 

evolution. More importantly, hydroxylated surface is designed to facilitate the interfacial H2O 

supply and boost the HER kinetics. The effect of surface hydroxyl groups on HER is investigated 

from both theoretical and experimental view. Reservoir can be successfully constructed through 

strong H-bond interaction between free H2O clusters and surface hydroxyl groups on graphene 

substrate. The water-rich surface has enormous potential to continuously supply proton donors for 

alkaline hydrogen evolution reaction and dilute the interfacial OH− to balance the pH environment 

around catalytic sites. This work provides effective strategy to promote interfacial H2O supply, 

and paves new way for realizing robust alkaline HER performance. 
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3 Active Site Engineering of Fe- and Ni-sites for Highly Efficient 

Electrochemical Overall Water Splitting 

3.1 Objective and Motivation 

Cost-effective, highly efficient, and durable catalyst electrodes play a critical role towards 

large-scale water splitting. Although bimetallic phosphides show great potential in electrocatalytic 

water splitting, the synergistic effect between different active sites has not been detailed 

investigated to date, which implies lack of effective strategy to optimize the water splitting 

performance in a reasonable way. Here we realize robust oxygen evolution (OER) performance 

with an extremely low overpotential (500 mA/cm2 @ 255 mV), low Tafel slope (29.1 mV dec−1), 

and superior stability by controlling the Fe sites in Ni-Fe-P surface. The prepared OER electrode 

exhibit superior non-noble metal catalysts for oxygen evolution and meets the commercial water 

electrolyzer requirements. In addition, remarkable hydrogen evolution (HER) performance with 

prominent stability is also achieved by reducing the content of Fe dopant. Our theoretical 

calculations reveal that improved O-containing intermediates chemisorption induced by Fe doping 

contributes to the enhanced OER performance and water molecule chemisorption, which is 

sensitive to the Fe content, is the primary cause to affect alkaline HER performance. This work 

highlights the controllable water splitting performance on Ni-Fe-P surface by precisely 

manipulating the surface-active Fe-sites. 

3.2 Introduction 

Global warming caused by the consumption of fossil fuels motivates researchers to explore 

clean, efficient and renewable energy.108-109 Hydrogen energy derived from water electrolysis has 

shown significant potential for an ideal alternative to current fossil fuels due to its clean and 
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sustainable nature.76, 110-111 To improve the efficiency of water electrolysis and realize the 

commercial water splitting requirement (with an overpotential below 300 mV at a current density 

above 500 mA/cm2), various of noble metal-based hydrogen evolution (HER) and oxygen 

evolution reaction (OER) electrodes are designed for efficient overall water splitting.31, 112-113 

However, scarcity and high cost of noble metals greatly limit their large-scale practical 

applications. In addition, most of noble metal-based catalysts exhibit high selectivity for water 

reduction or oxidation. For example, IrO2 is an excellent OER electrocatalysts with small onset 

potential but show poor HER performance in alkaline medium. Therefore, it is of great significance 

to develop high-efficient non-noble metal based bifunctional electrodes and develop effective 

strategies to optimize the synergistic effect of bifunctional surface for large-scale overall water 

splitting at the minimum cost of electricity, especially for kinetically sluggish OER process. 

Recently, nickel phosphide (Ni2P) attracts considerable attention owing to its intrinsic 

thermodynamic feasibility of HER property comparable to [NiFe] hydrogenase.25, 114 Hence, Ni2P 

has been applied in water splitting field to realize robust H2 production and displays prominent 

HER performance in universal pH range. Moreover, Ni2P can also act as a platform to breed 

bimetallic phosphides, such as, NiFe phosphides and NiCo phosphides, to achieve efficient OER 

performance.9, 115-118 Especially, the incorporation of Fe atom into Ni2P matrix not only introduces 

efficient active sites for OER reaction, but also modifies the electronic structure of Ni2P, leading 

to high conductivity.119 It is greatly promising to design high-efficient bifunctional electrocatalysts 

based on Ni2P matrix by engineering the Fe doping levels. In addition, the fundamental 

understanding on the synergistic effect between active Ni- and Fe-sites is still limited, although 

the concept of bifunctional Ni-Fe-P surface has been proposed for a long period. Therefore, the 

study of Ni2P electrocatalyst with controllable Fe doping levels provides valuable strategies to 
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design water splitting electrocatalysts and effective model to unveil the underlying synergetic 

mechanism on Ni-Fe-P surface. 

From the practical perspectives, powder-like electrocatalysts show inevitable weakness 

due to the poor affinity between active catalysts and substrate.74, 120 304-type stainless steel (SS) 

mesh is macroporous, anticorrosive, and low-cost conductive substrate, and exhibits superior 

electrochemical performance in alkaline solution than other substrates, such as, nickel foam (NF) 

and carbon cloth (CC).121-125 For example, Tong et al. reported that low-cost SS mesh for high-

efficient and constant overall water splitting after exfoliation and heteroatom doping processes.126 

Also, SS mesh can sustain better mechanical stability than NF during post treatment, including 

phosphorization or selenization process, which gives rise to constant and efficient electron transfer 

pathway even with continuous gas bubbles emission during HER or OER process.127-128 Thus, Ni2P 

electrocatalyst with controllable Fe doping on 304-type SS mesh allows us to investigate 

fundamental mechanism and develop water splitting electrodes that towards practical application. 

In this work, we demonstrate a scalable approach for the fabrication of Fe-doped Ni2P 

grown on SS mesh by mild chemical bath deposition, followed by phosphorization process. Ni2P 

with controllable Fe doping on SS mesh was successfully fabricated by controlling the deposition 

time. Exceptionally, the Fe-doped Ni2P displays selective water splitting behaviors dependent on 

the content of atomic Fe dopant. The Fe-doped Ni2P with high content of Fe dopant tends to 

drastically oxidize water into oxygen at an extremely low overpotential of 255 mV at current 

density of 500 mA/cm2, which demonstrates the first-class non-noble metal catalysts for oxygen 

evolution and meets the commercial water electrolyzer requirements. In contrast, Fe-doped Ni2P 

with lower Fe dopant exhibits remarkable HER performance, which only requires overpotential of 

400 mV to realize current density of 500 mA/cm2. Our density functional theory (DFT) calculation 
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reveals that the introduction of Fe site into Ni2P can greatly decrease the adsorption energy of 

intermediates involved in OER process, bringing about excellent OER performance. However, 

water molecule chemisorption is sensitive to Fe dopant content, which is regarded as the main 

factor to influence HER performance. Our experimental and theoretical studies clarify the 

synergistic effect between Ni and Fe-sites on Ni-Fe-P surface during HER and OER process and 

provide us detailed OER pathways on bifunctional Ni-Fe-P surface. 

3.3 Experimental section 

3.3.1 Synthesis and Preparation: Fe-doped Ni2P was synthesized directly onto SS mesh using a 

chemical bath deposition technique followed by phosphorization process. Ni(NO3)2∙6H2O (1.454 

g) and NH4NO3 (0.2 g) were added into 35 mL of de-ionized water. Then 5 mL of 28 wt% ammonia 

was added into the green solution and formed dark blue nickel ammonia complex. After stirring 

in air for 10 min, the solution was poured into a round-bottom flask and pre-heated at 85°C for 1 

h. Meanwhile, a stainless steel (SS) mesh was sequentially cleaned in isopropanol, acetone and de-

ionized water, and treated with 10% HCl for 10 min before rinsed with DI water. Next, the SS was 

placed into the pre-heated nickel ammonia and the flask were kept at 85°C for different time 

duration to obtain Fe-doped Ni(OH)2/SS. The iron in Fe-doped Ni(OH)2/SS was derived from the 

substitutional reaction between [Ni(NH3)6]2+ and iron in SS mesh. The Ni(OH)2-HF and Ni(OH)2-

LF were prepared after one-hour and three-hour deposition time, respectively.   

    To prepare Fe-doped Ni2P/SS, Fe-doped Ni(OH)2/SS and 0.5 g NaH2PO2 were put in a quartz 

boat and NaH2PO2 was placed at the upstream. Subsequently, the quartz boat was transferred into 

a tube furnace. The heating center temperature of the furnace was raised up to 300 °C with the 

heating rate of 5 °C/min and held at this temperature for 120 min in an Ar flow with a flow rate of 
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20 sccm. The obtained Fe-doped Ni2P on SS mesh derived from Ni(OH)2-HF and Ni(OH)2-LF 

were denoted Ni2P-HF and Ni2P-LF, respectively. 

3.3.2 Electrochemical Tests: A three electrodes electrochemical station was used to test 

electrochemical performance (CHI 660D). All electrochemical tests were performed in 50 mL of 

1.0 M KOH electrolyte (pH = 14.0). The prepared sample, Hg/HgO and graphite rod were applied 

as working electrode, reference electrode and counter electrode, respectively. The performance of 

the OER was tested using linear sweep voltammetry (LSV) with a scanning window of 1.2 V to 

1.6 V vs RHE and a scan rate of 2 mV s−1. The performance of the HER was tested using linear 

sweep voltammetry (LSV) with a scanning window of 0 V to -0.6 V vs RHE and a scan rate of 2 

mV s−1. The durability of HER and OER electrochemical performance were evaluated by time-

dependent overpotential curve at a static current density of 100 mA/cm2. All the LSV curves are 

corrected with iR compensation. 

In Ni2P-HF || Ni2P-LF electrolyzer, Ni2P-HF and Ni2P-LF (1 cm×1 cm) were employed as 

anode and cathode materials, respectively. Cu electrode holder was applied to connect the working 

electrodes, as Cu possesses great electrical conductivety and negligible water splitting 

performance. LSV curves was also conducted in 1.0 M KOH solution with a scan rate of 5 mV s-

1 between 1.0 and 1.9 V and the LSV curve was corrected with iR compensation. 

3.3.3 Electrochemical Active Surface Area: The active surface area of the prepared samples was 

estimated by electrochemical capacitance measurements, because the current in non-faradic region 

is expected to be linearly proportional to the active surface area. The applied potential was set 

between 0.01 to 0.11 V vs. Hg/HgO for 50 cycles at different scan rates. The capacitive currents 

were collected at 0.98 V vs RHE. Then, the capacitive currents were plotted as a function of scan 

rate to calculate the double layer capacitance.  
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3.3.4 Characterizations: The morphology of SS and SSP samples were characterized by scanning 

electron microscope, scanning transmission electron microscope (SEM, Jeol JSM-6335F & TEM, 

Jeol JEM-2100F). The crystal structure and composition were measured by X-ray Diffractometer 

(Rigaku SmartLab) and Raman spectroscope (Witec Confocal Raman system) with an excitation 

wavelength of 532 nm. The electrochemical impedance spectroscopy (EIS) was performed in 

Solartron Electrochemical workstation (German) with the frequency ranging from 0.01 to 105 Hz. 

The surface valence state of sample was tested by using X-ray photoelectron spectroscopy (XPS, 

Thermol Scientific Escalab 250Xi, Al Kα radiation).  

3.3.5 Theoretical Calculations: Theoretical calculations were performed using density functional 

theory (DFT) as implemented in the VASP code (5.4.3) with exchange-correlation energy 

functional, which were modeled by Perdew-Burke-Ernzerhof (PBE) functional.83-84 The cut-off 

energy was set to be 450 eV and all structures were relaxed to an energy convergence of 10-4 

eV/atom and a force convergence of 0.02 eV/Å, respectively. During the geometrical optimization, 

a (3 × 2) Ni2P surface with exposed (1 -1 0) was applied to investigate the adsorption behavior of 

intermediates (including H2O, H*, OH*, O* and OOH*) involved in HER and OER process. The 

k-points was 3 × 3 × 1 in slab optimization and 5 × 5 × 1 in static calculation. The thickness of 

vacuum in all the models was set to 30 Å to eliminate the interactions between the layers caused 

by the periodic boundary condition. 
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3.4 Characterizations of catalysts and water splitting performance 

 

Figure 3.1. (a) Schematic illustration for the fabrication process of the Fe-doped Ni2P on stainless steel 

mesh. (b) Typical TEM images of the Ni2P-HF. (b) TEM image and (c) high-resolution TEM image of 

Ni2P-HF, the inset in panel (c) is the SAED pattern of the Ni2P-HF sample. (d) High-resolution TEM image 

of Ni2P-LF, the inset in panel (d) is the SAED pattern of Ni2P-LF. (e) Low-resolution HAADF-STEM 

image of the Ni2P-LF. Corresponding elemental mapping images of (f) P, (g) Ni and (h) Fe in the Ni2P-LF. 
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Figure 3.2. (a) XRD patterns of Ni(OH)2-HF and Ni(OH)2-LF on SS mesh. The typical peak of stainless 

steel is denoted with red triangle. (b) Raman spectrum of Ni(OH)2-HF and Ni(OH)2-LF collected at low 

wavenumber. 

As schematically illustrated in Figure 3.1a, Fe-doped Ni2P on SS mesh was synthesized by 

chemical bath deposition and subsequent mild phosphorization process. The Fe-doped Ni(OH)2 

with high and low contents of Fe (Ni(OH)2-HF and Ni(OH)2-LF) were first prepared via facile 

chemical bath deposition. Both precursors deposited from different chemical bath duration show 

typical diffraction peaks of Ni(OH)2 (PDF# 14-117) (Figure 3.2a). The Raman spectra of Ni(OH)2-

HF and Ni(OH)2-LF (Figure 3.2b) exhibit typical Ni-O band centered in about 450 cm-1 and 530 

cm-1, and the change of relative intensity ratio of these two peaks confirms the different level of 

Fe content in Ni(OH)2 frameworks, which is consistent with the results reported in previous 

research.129 The X-ray photoelectron spectroscopy (XPS) spectra (Figure 3.3a) verify the existence 

of Ni, Fe and O in Ni(OH)2-HF and Ni(OH)2-LF. The high resolution XPS spectra of Ni, Fe and 

O (Figure 3.3b-3.3d) further confirm the formation of Ni(OH)2 with different contents of Fe dopant. 

The morphologies of Ni(OH)2-HF and Ni(OH)2-LF were characterized by scanning electron 

microscopy (SEM) (Figure 3.4a1-3.4b1). According to the SEM images, two-dimensional (2D) 

Ni(OH)2 nanosheet with smooth surface are densely grown on SS surface after chemical bath 
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deposition, and the average length of Ni(OH)2-HF and Ni(OH)2-LF nanosheets are approximately 

1 µm and 200 nm, respectively. 

 
Figure 3.3. (a) XPS spectra of Ni(OH)2-HF and Ni(OH)2-LF. High resolution XPS spectra of (b) Ni, (c) Fe 

and (d) O in Ni(OH)2-HF and Ni(OH)2-LF, respectively.  

We then conducted mild phosphorization process to convert Fe-doped Ni(OH)2 into Fe-

doped Ni2P. Fe-doped Ni2P derived from Ni(OH)2-HF and Ni(OH)2-LF are denoted with Ni2P-HF 

and Ni2P-LF, respectively. After the phosphorization treatment, we can obviously observe 

increased surface roughness of Fe-doped Ni2P from the SEM images (Figure 3.4a2-3.4b2). Most of 

Ni(OH)2 arrays are destroyed, and massive nanoparticles appear. Transmission electron 

microscopy (TEM) was then applied to further study the rough surface and generated nanoparticles. 
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As shown in Figure 3.1b-3.1c, the Ni2P nanoparticles possess average diameter of 5 nm in Ni2P-

HF and show distinct lattice fringe with an interplane distances of approximately 0.220 nm, which 

is indexed to the (111) facet diffraction in Ni2P.130 In addition, Ni2P-LF in Figure 3.1d exhibits 

continuous distinct lattice fringes with the interplanar spacings of 0.293 nm and 0.338 nm, 

corresponding to (110) and (001) plane in Ni2P, respectively. Elemental mappings of Ni2P-LF are 

displayed in Figure 3.1e-3.1h, evidencing the uniform spatial distribution of Ni, Fe and P.  

 
Figure 3.4. SEM images of (a1) Ni(OH)2-HF and (b1) Ni(OH)2-LF on SS mesh, respectively. SEM images 

of (a2) Ni2P-HF and (b2) Ni2P-LF, respectively. 

We then carried out X-ray diffraction (XRD) to identify the phase structure of Fe-doped 

Ni2P samples. As illustrated in Figure 3.5a, the X-ray diffraction patterns of Fe-doped Ni2P 

samples show diffraction peaks at 40.7°, 44.6°, 47.4°, 54.3° and 55.0°, corresponding to the (111), 
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(201), (210), (300) and (211) planes of Ni2P, respectively, which match well with standard 

hexagonal Ni2P diffraction pattern (PDF#74-1385). XPS was applied to characterize the Fe-doped 

Ni2P samples. Figure 3.6 demonstrates the presence of Fe, Ni, P and O elements in the Fe-doped 

Ni2P samples, and obvious peaks of other elements were not detected. The XPS atomic content 

analysis in Table 3.1 reveals that the content of Fe in Ni2P-HF is about 7.51%, which is twice than 

that of Ni2P-LF. The Figure 3.7-Figure 3.8 indicate the EDX characterization of Ni2P-HF and 

Ni2P-LF, respectively, showing Fe/Ni atomic ratios that are in consistent with XPS elemental 

analysis. 

In addition, the high resolution XPS spectrum of Fe 2p (Figure 3.5b) is observed with two 

peaks at around 712.5 and 725.2 eV, which can be assigned to the Fe 2p3/2 and Fe 2p1/2, 

respectively, indicating that Fe presents in the form of Fe3+. More importantly, the increase of Fe 

dopant leads binding energy to shift towards lower energy, indicating electron interaction induced 

by the increase of Fe dopant. Another doublet located at 715.6 and 727.3 eV is attributed to satellite 

peaks of Fe 2p. The small peak with binding energy of 708.0 eV is derived from the Fe (0) in SS 

substrate. Figure 3.5c show the XPS peak fitting of Ni 2p, including Ni2+ (located at 856.3 and 

874.2 eV) and Ni3+ (located at 858.1 and 876.0 eV).131-132 The small peak at around 853.1 eV can 

be ascribed to Ni-P bond in Ni2P. Partially charged Niσ+ in Ni2P leads to the binding energy close 

to that of Ni (0).133 

Table 3.1. Elemental composition analysis of Ni2P-HF and Ni2P-LF. 

 Content of Fe Content of Ni Content of P 

Ni2P-HF 7.51% 22.46% 70.03% 

Ni2P-LF 3.37% 34.46% 62.17% 



 

71 
 

 

Figure 3.5. (a) XRD patterns of Ni2P-HF and Ni2P-LF samples on SS mesh. The typical peak of stainless 

steel is denoted with red triangle. High resolution XPS spectra of (b) Fe, (c) Ni and (d) P in Ni2P-HF and 

Ni2P-LF samples, respectively. 

 
Figure 3.6. XPS spectra of Ni2P-HF and Ni2P-LF, respectively 
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Figure 3.7. (a) EDX characterization of Ni2P-HF sample. 

 

Figure 3.8. (a) EDX characterization of Ni2P-LF sample. 

The P 2p spectrum shows three main peaks at 134.3, 130.3 and 129.3 eV (Figure 3.5d). 

The peaks at 130.3 eV and 129.3 eV are corresponding to P 2p1/2 and P 2p3/2 signals of metal 

phosphides, and the peak with high binding energy arises from the oxidized metal phosphate 

species. The binding energy of 129.3 eV is slightly lower than P (0) species, indicating a strong 

bonding between metal and partial charged Pσ-. Moreover, the binding energy of Ni-P bond in 

Ni2P-HF positively shift when compared with Ni2P-LF, suggesting the strong electron interaction 

induced by increasing Fe dopant.134 Thus, different amounts of Fe dopant will give rise to different 
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degrees of electron interaction, which may bring about different types of active sites and facilitate 

the water splitting process. 

 

Figure 3.9. OER performance of Ni2P-LF, Ni2P-HF and bare SS mesh in 1.0 M KOH. (a) Polarization 

curves and (b) corresponding Tafel plots of Ni2P-LF, Ni2P-HF and bare SS mesh after iR compensation. 

HER performance of Ni2P-LF, Ni2P-HF and bare SS mesh in 1.0 M KOH. (c) Polarization curves and (d) 

corresponding Tafel plots of Ni2P-LF, Ni2P-HF and bare SS mesh after iR compensation. (e) IR-corrected 

LSV curves for HER (left) and OER (right) electrocatalysts when the Ni2P-LF and Ni2P-HF are used as 

cathode and anode, respectively. (f) Long-time durability of HER (red line) and OER (black line) 

electrocatalysts at the current density of 100 mA/cm2. (g) IR-corrected LSV curves of Ni2P-HF || Ni2P-LF 

in a two-electrode configuration at a scan rate of 5 mV/s in 1.0 m KOH. (h) Long-time durability of Ni2P-

HF || Ni2P-LF electrolyzer at current density of 10 mA/cm2, 50 mA/cm2 and 100 mA/cm2, respectively. 
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To assess the performance of the prepared bifunctional electrocatalysts for practical use, 

the OER performance of as-fabricated Fe-doped Ni(OH)2 and Fe-doped Ni2P samples were first 

investigated in 1.0 M KOH by using a standard three electrodes system. Hg/HgO and graphite 

were applied as reference electrode and counter electrode, respectively.135 Predictably, Fe-doped 

Ni2P samples show superior OER performance than their hydroxide precursors and bare SS 

substrate (Figure 3.9a-3.9b and Figure 3.10a-3.10b). The polarization curves indicate that Ni2P-

HF displays the best OER performance than other samples, possessing the lowest overpotential of 

255 mV at the current density of 500 mA/cm2. The low overpotential at high current density 

implies great potential to construct efficient oxygen evolution system for practical applications, 

which requires an overpotential below 300 mV at a current density above 500 mA/cm2. In contrast, 

it requires larger overpotential of 310 mV and 370 mV for Ni2P-LF and bare SS mesh to reach the 

current density of 500 mA/cm2 and 200 mA/cm2, respectively. Notably, the Tafel slopes of Ni2P-

HF is only 29.1 mV/dec, which is much smaller than Ni2P-LF (44.3 mV/dec) and bare SS mesh 

(56.3 mV/dec). The small Tafel slope indicates that increasing content of Fe dopant can facilitate 

the oxygen evolution kinetic of Ni2P, which may provide valuable guidance on OER 

electrocatalysts design. 

The excellent stability of Ni2P-HF was confirmed by LSV curves before and after 1000 

cycles in Figure 3.11a. We also compare the OER performance with other reported self-supported 

Fe-doped Ni phosphides in Table 2.1. The overpotential and Tafel slope of Ni2P-HF electrodes 

(255 mV@500 mA/cm2, 29.1 mV/dec) are lower than those values for other Fe-Ni phosphides 

electrodes, such as, Fe(PO3)2/Ni2P/Ni foam (265 mV@500 mA/cm2, 51.9 mV/dec), 

Ni1.85Fe0.15P/Ni foam (380 mV@200 mA/cm2, 96 mV/dec),  Fe-doped Ni2P/Carbon cloth (310 

mV@300 mA/cm2, 48 mV/dec), NiFe-OH/NiFeP/Ni foam (255 mV@300 mA/cm2, 39 mV/dec) 
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and metallic NiFeP (390 mV@400 mA/cm2, 42 mV/dec).115-116, 120, 133-134, 136-137 These detailed 

comparisons further prove the superior OER catalytic activity of as-fabricated Ni2P-HF electrodes. 

 

Figure 3.10. OER performance of Ni(OH)2-HF and Ni(OH)2-LF in 1.0 M KOH. (a) Polarization curves and 

(b) corresponding Tafel plots after iR compensation. HER performance of Ni(OH)2-HF and Ni(OH)2-LF in 

1.0 M KOH. (c) Polarization curves and (d) corresponding Tafel plots after iR compensation. 

 

Figure 3.11. Durability tests of (a) Ni2P-HF and (b) Ni2P-LF in 1.0 M KOH. 
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Table 3.2. Comparison of OER performance of self-supported Fe-doped Nickel Phosphides. 

 Overpotential for OER Tafel Slope References 

Ni1.85Fe0.15P/Ni foam 380 mV @ 200 mA/cm2 96 mV/dec Wang Pengyan et al.115 

NiFe-OH/NiFeP/Ni foam 255 mV @ 300 mA/cm2 39 mV/dec Liang Hanfeng et al.133 

Amorphous Metallic NiFeP 390 mV @ 400 mA/cm2 42 mV/dec Hu Fei et al.116  

Fe-doped Ni2P/Carbon 
cloth 310 mV @ 300 mA/cm2 48 mV/dec Wang Jianmei et al.136 

(Fe0.5Ni0.5)2P/Ni foam 260 mV @ 500 mA/cm2 66 mV/dec Zhang Bowei et al.134 

Fe(PO3)2/Ni2P /Ni foam 265 mV @ 500 mA/cm2 51.9 mV/dec Zhou Haiqing et al.120 

FeNiP/Ni foam 240 mV @ 60 mA/cm2 76 mV/dec Manman Qian et al.137 

Fe-doped Ni2P/SS 255 mV @ 500 mA/cm2 29.1 mV/dec This work 

 

The HER activity of Fe-doped Ni2P samples was also evaluated in 1.0 M KOH. As 

expected, Fe-doped Ni2P/SS samples (Figure 3.9c-3.9d) show reduced HER overpotential than 

their hydroxides counterparts (Figure 3.10c-3.10d) to reach desired current densities. More 

interestingly, the Ni2P-LF exhibits lowest overpotential (423 mV) to reach a current density of 500 

mA/cm2, which is much better than that of Ni2P-HF and bare SS substrate. Moreover, the Tafel 

slope of the Ni2P-LF (86 mV/dec) is exceptionally lower than Ni2P-HF and bare SS mesh (172 

mV/dec for Ni2P-HF and 183 mV/dec for SS mesh), indicating less Fe dopant is more beneficial 

for HER activity. Based on the Tafel slopes, all samples follow Volmer-Heyrovsky mechanism, 

which is analogous to most of Ni-based materials in alkaline water medium. Besides, the stability 

of cathode was studied by LSV curves before and after 1000 cycles. The nearly identical LSV 

curves in Figure 3.11b suggest that Ni2P-LF is an efficient HER catalysts with good durability. 
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The HER behavior varies with Fe content in a way totally contrary to that of OER behavior, 

implying Fe content is a vital factor to determine the selective water splitting performance.  

We then evaluated the performance of water splitting performance by replacing the cathode 

and anode electrodes with Ni2P-LF and Ni2P-HF, respectively. According to the polarization curve 

in Figure 3.9e, the HER polarization curve only requires about 400 mV to reach a current density 

of 500 mA/cm2, which is 23 mV lower than that with graphite as the counter electrode. The water 

splitting system can efficiently realize an oxidative current density of 500 mA/cm2 with excellent 

durability at the overpotentials of 255 mV, which surpasses most of water splitting electrodes and 

meets the commercial criteria for water splitting.138 As depicted in Figure 3.9e, the expected 

overall water splitting voltages are only 1.80, 1.84 and 1.89 V to achieve current densities of 100, 

200 and 500 mA/cm2, respectively.  

 

Figure 3.12. (a) XRD patterns of Ni2P-HF and Ni2P-LF after OER and HER test, respectively. (b) Raman 

spectrum of Ni2P-HF before and after OER reaction. 

Furthermore, both cathodic and anodic electrodes show remarkable water splitting 

performance under constant current density (100 mA/cm2) within a considerable time, which may 

attribute to excellent mechanical stability and anti-corrosive character of SS mesh (Figure 3.9f). 
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The stability of Ni2P-HF and Ni2P-LF is also investigated by the XRD patterns in Figure 3.12a, 

Ni2P-LF shows excellent structure stability after long-time HER reaction and amorphous state is 

observed on the surface of Ni2P-HF after 10h OER test. According to Raman spectrum in Figure 

3.12b, the amorphous state is oxidized Ni2P-HF, which is regarded as the main active material for 

OER process. We also compare water splitting performance of as-fabricated electrodes with other 

reported self-supported electrodes in Table 3.3. Our designed Fe-doped Ni2P electrodes display 

the best OER performance and comparable HER performance than other control electrodes, 

showing great potential towards practical application.70, 72, 119, 126, 130, 139-141 

Table 3.3. Comparison of overpotentials for HER and OER reactions. 

 Overpotential for HER Overpotential for OER References 

NiP/Ni foam 185 mV @ 60 mA/cm2 320 mV @ 100 mA/cm2 Chen Gaofeng et al.139 

Fe-doped Ni2P/Ni 
foam 310 mV @ 200 mA/cm2 260 mV @ 300 mA/cm2 Li Yingjie et al.119  

N- and P-doped SS > 400 mV @ 100 
mA/cm2 

> 600 mV @ 100 
mA/cm2 

Balogun Muhammad-
Sadeeq et al.126  

Fe/Ni Phosphides 
on Ni foam 230 mV @ 400 mA/cm2 290 mV @ 400 mA/cm2 Xiao Chunhui et al.130 

N-doped Ni3S2/Ni 
foam 250 mV @ 160 mA/cm2 380 mV @ 400 mA/cm2 Chen Pengzuo et al.70 

NiFe LDH/Cu foam 192 mV @ 100 mA/cm2 311 mV @ 500 mA/cm2 Yu Luo et al.72 

MoOx/Ni3S2/Ni 480 mV @ 500 mA/cm2 520 mV @ 500 mA/cm2 Wu Yuanyuan et al.142 

Co−Mn carbonate 
hydroxide/Ni foam 450 mV @ 500 mA/cm2 400 mV @ 500 mA/cm2 Tang Tang et al.141 

Fe-doped Ni2P/SS 400 mV @ 500 mA/cm2 255 mV @ 500 mA/cm2 This work 
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Table 3.4. Comparison of potentials for overall water splitting in two-electrode system. 

 Potential  References 

Ni1.85Fe0.15P/Ni foam || Ni1.85Fe0.15P/Ni 
foam 1.87 V @ 100 mA/cm2 

Wang Pengyan et al.115 
IrO2/Ni foam || Pt-C/Ni foam 1.77 V @ 100 mA/cm2 

Ni2P/Ni foam || Ni2P/Ni foam 1.82 V @ 100 mA/cm2 Menezes Prashanth W. et al.143 

Co3Se4/Co foam || Co3Se4/Co foam 1.88 V @ 100 mA/cm2 
Li Wei et al.144 

RuO2/Co foam || Pt-C/Co foam 1.90 V @ 100 mA/cm2 

NiP /Ni foam || NiP/Ni foam 1.80 V @ 40 m A/cm2 Chen Gaofeng et al.139 

(Ni0.33Fe0.67)2P/Ni foam || 
(Ni0.33Fe0.67)2P/Ni foam 1.73 V @ 100 mA/cm2 Li Yingjie et al.119 

FeNiPx/Ni foam || FeNiPx/Ni foam 1.85 V @ 100 mA/cm2 Xiao Chunhui et al.130 

NiCoP/Ni foam || NiCoP/Ni foam 1.83 V @ 100 mA/cm2 Liang Hanfeng et al.133 

N-Ni3S2/Ni foam || N-Ni3S2/Ni foam 1.82 V@ 100 mA/cm2 Chen Pengzuo et al.70 

Fe-doped Ni2P (1h)/SS || Fe-doped 
Ni2P (3h)/SS 1.80 V @ 100 mA/cm2 This work 

 

As Ni2P-HF and Ni2P-LF can serve as excellent OER and HER electrocatalysts in alkaline 

media, we design a self-supported water splitting electrolyzer based on Fe-doped Ni2P/SS mesh. 

Ni2P-HF and Ni2P-LF were adopted as anode and cathode in the two-electrode system, 

respectively. According to Figure 3.9g, the electrolytic cell affords current densities of 10 mA/cm2, 

100 mA/cm2 and 200 mA/cm2 at 1.62V, 1.80 V and 1.85 V, respectively. To the best of our 

knowledge, the overall water splitting performance of Ni2P-HF || Ni2P-LF at high current density 

(e.g., 100 mA cm−2) outperforms most of excellent overall water splitting electrolyzers in Table 
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3.4, such as, Ni1.85Fe0.15P/Ni foam || Ni1.85Fe0.15P/Ni foam (1.87 V), Ni2P/Ni foam || Ni2P/Ni foam 

(1.82 V), NiCoP/Ni foam || NiCoP/Ni foam (1.83 V), Co3Se4/Co foam || Co3Se4/Co foam (1.88 V) 

and FeNiPx/Ni foam || FeNiPx/Ni foam (1.85 V).143-144 

 

Figure 3.13. (a) Electrochemical impedance spectroscopy (EIS) Nyquist plots of Ni2P-HF and Ni2P-LF, the 

inset graph shows an electrical equivalent circuit model. Cyclic voltammograms with different scan rates 

obtained at non-faradaic potential region between 0.01 V and 0.11 V (vs. Hg/HgO) of (b) Ni2P-HF and (c) 

Ni2P-LF. (d) The differences in current density at 0.98 V vs RHE plotted as a function of scan rate, the 

slope of fitting line represents active electrochemical area of electrocatalyst.  

 More importantly, as shown in Figure 3.9h, the water splitting electrolyzer exhibits very 

good durability upon prolonged period at the current densities of 10, 50 and 100 mA cm−2, 

respectively, showing great potential for practical application. Thus, we successfully fabricate self-
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supported Fe-doped Ni2P electrocatalysts based on SS mesh and realize prominent OER and 

remarkable HER performance by engineering the atomic content of Fe in Fe-doped Ni2P. The 

high-efficient self-supported electrodes not only show great potential to construct overall water 

splitting device towards practical applications, but also provide desired model for us to clarify the 

synergistic effect of Fe and Ni sites during hydrogen and oxygen evolution process. 

 

Figure 3.14. Cyclic voltammograms obtained at non-faradaic potential region between 0.01 V and 0.11 V 

(vs. Hg/HgO) of (a) Ni(OH)2-HF and (b) Ni(OH)2-LF samples, respectively. (c) The differences in current 

density at 0.98 V vs RHE plotted as a function of scan rate, the slope of fitting line represents active 

electrochemical area of electrocatalyst. 

To verify the underlying mechanism of Fe content induced selective water splitting 

performance, we characterize the as-prepared electrodes by using electrochemical impedance 
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spectroscopy (EIS) and electrochemically active surface area (ECSA). As depicted in Figure 3.13a, 

the Ni2P-LF shows a solution resistance of 3.96 Ω, which is slightly lower than Ni2P-LF (3.67 Ω), 

indicating Ni2P-HF possessing a better catalyst/electrolyte interface contact than Ni2P-LF. In 

addition, the low charge resistance indicates both Ni2P-HF and Ni2P-LF possess good electrical 

conductivity and good electrical contact with substrate, which is beneficial for the electrochemical 

water splitting process.  

 

Figure 3.15. Electron density contour maps for Ni2P surface (a1-a2) without and (b1-b2) with Fe dopant. (a1) 

and (b1) are bird’s-eye view. 

Typically, double-layer capacitance is characterized to estimate the active electrochemical 

sites of prepared Fe-doped Ni2P samples. Figure 3.13d shows the differences of current density as 

a function of scan rate from the corresponding CV curves in Figure 3.13b-3.13c. The Fe-doped 

Ni2P samples display larger active electrochemical area than their hydroxides counterparts (Figure 

3.14). Both Ni2P-HF and Ni2P-LF show similar quantity of active electrochemical sites. Therefore, 
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the electrical conductivity and number of active electrocatalytic sites are almost irrelevant with the 

selective water splitting performance. The major reason for this unique behavior should ascribe to 

the different types of active sites resulting from different level of Fe doping.  

 

Figure 3.16. Adsorption of (a) OH*, (b) active O* and (c) OOH* intermediates on Fe-doped Ni2P surface. 

For clarity, the symmetric parts of the optimized slabs at the bottom are not shown. (d) The calculated OER 

energy diagram of the Ni2P surface with (green line)/without (orange line) Fe doping. Adsorption of OH* 

on oxidized Ni2P surface (e) without and (f) with Fe site. The green, blue, orange, red and grey balls 

represent Ni, Fe, P, O and H atoms, respectively. For clarity, the symmetric parts of the optimized slabs at 

the bottom are not shown. 
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Figure 3.17. (a1) Side view and (a2) top view of the charge density difference of the OH*-adsorbed on Fe-

doped Ni2P surface. (b1) Side view and (b2) top view of the charge density difference of the O*-adsorbed 

on Fe-doped Ni2P surface. (c1) Side view and (c2) top view of the charge density difference of the OOH*-

adsorbed on Fe-doped Ni2P surface. The yellow and blue isosurfaces represent charge accumulation and 

depletion, respectively. The isovalue is 0.005 au. For clarity, the symmetric parts of the optimized slabs at 

the bottom are not shown. 
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To gain insights into inherent relationship between the selective HER/OER performance 

and Fe dopant in Ni2P surface, we performed DFT calculations to understand the OER and HER 

processes on Ni2P surface with and without Fe dopant. Figure 3.15 shows the electron density 

distribution of Ni2P surface with/without Fe doping. The introduction of Fe dopant greatly 

intensifies the surface charge nonuniform, and redistributes surrounding electron density, which 

may play positive role in O- and H-containing intermediates adsorption.  

As depicted in Figure 3.16a-3.16c, the adsorption behavior of essential intermediates 

during OER process, including OH*, O* and OOH*, are investigated on Fe-doped Ni2P surface. 

According to the optimized slabs, all the intermediates tend to bridge on the Fe site and adjacent 

Ni site on Fe-doped Ni2P surface, which implies Fe site and Ni site are both necessary for OER 

intermediates adsorption. Furthermore, the adsorption of OH*, O* and OOH* shows distinct 

chemical adsorption characteristics because obvious electron transfer can be observed between the 

interface of adsorbates and Ni2P substrate (Figure 3.17). The charge transfer from substrate to 

adsorbate may lead to effective molecule activation, which can promote succeeding O2 evolution.  

More importantly, as depicted in Figure 3.16d, the adsorption energies of OH*, O* and 

OOH* on Fe-doped Ni2P surface are -3.56 eV, -5.10 eV and -2.02 eV, respectively, which are 

lower than those on bare Ni2P surface, indicating feasible thermodynamic behavior of OER 

process on Fe-doped Ni2P slab. In addition, we also investigated the OH* adsorption on oxidized 

Ni2P surface with and without Fe doping, considering that oxidized surface is usually regarded as 

main active sites for OER reaction on Ni-Fe-P surface. According to Figure 3.16e-3.16f, the 

introduction of Fe dopant into oxidized Ni2P surface can greatly improve the OH* adsorption and 

decrease the required adsorption energy from -1.05 eV to -1.26 eV. These theoretical results verify 

that Fe doping can enhance OER intermediates adsorption on both Ni2P and oxidized Ni2P surface 
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and greatly prompt the oxygen evolution process by reducing the adsorption energy of 

intermediates. Based on the experimental results and theoretical analysis, we firmly believe that 

the introduction of Fe dopant in Ni2P matrix is an effective strategy for improving OER 

performance. 

 

Figure 3.18. Adsorption of active H2O* on (a) bare Ni2P surface, (b) Ni2P surface with single Fe site and 

(c) Ni2P surface with bi-Fe sites, respectively. For clarity, the symmetric parts of the optimized slabs at the 

bottom are not shown. (d) Calculated adsorption energy of H2O on bare Ni2P surface (orange line), Ni2P 

surface with one Fe site (green line) and Ni2P surface with two Fe sites (black line), respectively. The green, 

blue, orange, red and grey balls represent Ni, Fe, P, O and H atoms, respectively. 

In addition, HER mechanism on Fe-doped Ni2P surface was also investigated. The 

adsorption behavior of H2O molecule is regarded as an essential criterion to estimate alkaline HER 

performance.145 As shown in Figure 3.18a-3.18c, Fe site on Ni2P surface shows better affinity to 

H2O adsorption than Ni sites, and H2O adsorption on Fe site exhibits distinct chemical adsorption 
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feature. The apparent interfacial charge transfer between H2O and Fe-doped Ni2P surface (Figure 

3.19) confirms the activation of H2O molecule, which may be conductive to following water 

dissociation process. Moreover, we compare the adsorption energy of H2O on bare Ni2P surface 

and Ni2P surface with different kinds of Fe sites to further clarify the effect of Fe content in Ni2P 

matrix on HER performance. As displayed in Figure 3.18d, the introduction of Fe dopant into Ni2P 

matrix can greatly decrease the adsorption energy of H2O molecule, indicating a feasible H2O 

activation and dissociation process. However, when the single Fe site is replaced by bi-Fe sites, 

the adsorption energy increases from -0.63 eV to -0.54 eV. The above results demonstrate Fe 

doping is an effective strategy to improve the H2O adsorption on Ni2P, and single Fe site is more 

active than bi-Fe site, implying the importance of Fe doping content control. Based on above 

analysis, H2O adsorption is sensitive to content of Fe dopant, and only slight Fe doping can 

promote H2O adsorption behaviors on Ni2P matrix, leading to the enhanced HER performance. 

These theoretical results are well consistent with the electrochemical performance and deepen our 

understanding to the effect of Fe doping in Ni2P on HER performance. 

 
Figure 3.19. (a1) Side view and (a2) top view of the charge density difference of the H2O-adsorbed on Fe-

doped Ni2P surface. The yellow and blue isosurfaces represent charge accumulation and depletion, 

respectively. The isovalue is 0.005 au. For clarity, the symmetric parts of the optimized slabs at the bottom 

are not shown. 
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3.5 Conclusions 

In summary, we have applied cost-effective 304-type SS mesh to fabricate self-supported 

Fe-doped Ni2P electrocatalyst, and successfully realize selective water splitting performance by 

controlling the atomic content of Fe dopant. The Ni2P-HF with high content of Fe dopant exhibits 

outstanding OER performance, reaching extremely high current densities of 500 mA/cm2 under 

extremely low overpotential of 255 mV. The Ni2P-HF electrode manifests the first-class oxygen 

evolution performance and meets the commercial water electrolyzer requirements. The Ni2P-LF 

with less Fe dopant shows comparable HER performance than other state-of-the-art non-noble 

metal-based counterparts in alkaline medium. Our theoretical calculations confirm that promoted 

intermediates adsorption induced by Fe-doping contributes significantly to enhanced OER 

performance. Moreover, H2O is sensitive to the content of Fe dopant, only slight Fe dopant is 

beneficial for effective H2O adsorption, which is regarded as the main reason for selective water 

splitting performance induced by Fe content engineering. The combination of experimental and 

theoretical results unambiguously clarifies the synergistic effect occurred on bifunctional Ni-Fe-P 

surface and deepens our understanding to the role of Fe dopant on Ni2P surface during water 

splitting process. In addition, the well-designed Fe-doped Ni2P/SS based electrolyzer can 

efficiently catalyze overall water splitting with low electricity consumption, which has 

significantly broadened the development of robust electrodes for large-scale water electrolysis. 
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4 Unusual Electrocatalytic Nitrogen Reduction of Sulfurized Pt 

Nanoparticles 

4.1 Objective and Motivation 

Platinum (Pt) is the most promising catalyst in chemical reduction reactions, including NOx 

reduction, O2 reduction, and reduction of aromatic nitro compounds. However, Pt has been shown 

as an inefficient catalyst for artificial nitrogen reduction reaction (NRR) because of the weak N2 

affinity and intrinsic competition with hydrogen evolution. Here we show that sulfurized platinum 

(PtS) can be used as robust electrocatalyst for nitrogen reduction owing to its optimized electron 

configuration. The combination of unoccupied d orbitals and abundant d electrons in PtS surface 

enables to decrease the barrier for N2 reduction and suppress the kinetics for hydrogen evolution. 

Our experimental results demonstrate PtS nanoparticles on carbon cloth (PtS/CC) can greatly boost 

electroreduction of N2 to NH3, affording an NH3 yield rate of 74 μg/mgcat.·h at 0 V versus the 

reversible hydrogen electrode (RHE). The Faradaic efficiency of PtS/CC for NH3 production is 

achieved about 10% at 0.1 V versus RHE, which is about 5 times as high as that of Pt/CC. This 

work not only develops an advanced electrocatalyst for N2 reduction, but also provides an effective 

strategy to design NRR electrocatalysts based on noble metals. 

4.2 Introduction 

Ammonia (NH3) is regarded as a carbon-free energy carrier with high energy density. The 

production of NH3 from dinitrogen (N2, the most common element form of nitrogen) is still 

difficult because of the stable and inert N≡N triple bond.39, 43 In nature, nitrogen fixation is realized 

through the catalytic process of nitrogenases; while industrial nitrogen fixation mainly relies on 

the long-standing Haber-Bosch process, which requires energy-intensive input and inevitably 
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leads to massive greenhouse gas emissions.40, 146-147 There exists a grand impetus to develop 

electrocatalytic N2 reduction reaction (NRR) as it provides a green and sustainable approach for 

nitrogen fixation at the ambient conditions.148-151 It is generally accepted that the efficiency of 

electrocatalytic NRR strongly depends on the active catalytic sites. Transition-metal (TM) center 

is the most important type of active catalytic sites for the NRR process. The roles of active TM 

center are mainly twofold.48-49, 56, 152-153 (1) The interaction between active TM center and N2 

molecule determines the necessary N source for the NRR.57, 154 (2) The interaction between active 

TM center and proton donors affects both desired hydrogenation process in NRR and undesirable 

hydrogen evolution reaction (HER). The competition between NRR and HER directly dictates the 

Faradaic efficiency of NRR. Therefore, it is of great significance to tune the transition metal 

properties for selectively improving N2 affinity and suppressing HER activity.155 

The well-developed NRR electrocatalysts are mainly based on TMs, especially middle 

group TMs, which exhibit robust N2 reduction performance due to their featured d-electron 

configurations.51, 140, 156-160 The unoccupied d orbitals of TM center enables it to accept long pair-

electrons from N2 (Figure 4.1a), forming σ donation from N2 to TM center and ensuring the N2 

chemisorption. Meanwhile, the presence of d electrons in TM center can inject into the empty 

antibonding π orbitals of N2 molecules (Figure 4.1b), which greatly weakens the N≡N triple bond 

and facilitates the N2 activation.44, 161-162 Among various TM candidates, platinum (Pt) is known 

as an efficient catalyst for the reduction of nitrogen-containing molecules.163 However, Pt has been 

shown with inefficiency for converting N2 to NH3 due to the weak affinity to N2 and intrinsic 

competition with hydrogen evolution.164 The d orbitals of Pt is almost fully occupied, which blocks 

the σ donation from N2 and show weak interaction between active site and N2.165-166 In addition, 

the moderate binding strength of Pt-H reduces the reaction barriers of hydrogen evolution process 
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and inevitably leads to vigorous competing reaction of hydrogen evolution.6 Thus, it is a 

fundamental research interest to optimize the electron configuration and surface coordination of 

Pt for improved N2 affinity and suppressed HER activity.  The well-designed strategy for Pt-based 

NRR catalyst can also serve as an excellent reference to modify conventional inactive noble 

catalysts and further broaden the library of NRR catalysts. 

 

Figure 4.1. Schematic of N2 bonding to transition metals. (a) σ donation from N2 and (b) π backdonation to 

N2. 

It has been widely known that metal-sulfur cluster shows great potential for N2 

activation.167 For example, FeMo-cofactor in  nitrogenase consists of one Fe4S3 cluster and one 

MoFe3S3 cluster, showing high efficiency for N2 fixation.168 Moreover, the S site is active for H2O 

dissociation and shows great potential to trap H* intermediates.169 Here we demonstrate that 

sulfurized Pt (PtS) surface can act as an excellent NRR electrocatalysts due to the improved N2 

affinity. The Pt site in PtS shows reduced barrier of N2 adsorption than metallic Pt surface due to 

rational d-electron configuration, and S site on PtS can effectively capture H* for subsequent 

hydrogenation reaction of NRR. More importantly, PtS exhibits distinct HER suppression 

behavior, which enables high Faradaic efficiency of electrochemical N2 reduction. As a result, the 

as-synthesized PtS nanoparticles on self-supported carbon cloth (PtS/CC) achieve a superior NH3 

yield rate of 74 μg/ mgcat·h at 0 V versus reversible hydrogen electrode (RHE), which is about 6 
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times higher than that of the Pt nanoparticles on CC (Pt/CC). In addition, PtS/CC catalyst 

demonstrates a Faradaic efficiency (FE) of about 10% for NH3 production at 0.1 V versus RHE 

and exhibits outstanding stability for continuous N2 reduction during long-time electrolysis.  

4.3 Experimental Section 

4.3.1 Treatment of Carbon Cloth: A carbon cloth (CC) (2 cm × 1 cm) purchased from CeTech 

Co., Ltd. was used as substrate for materials growth. The CC was treated by Piranha solution at 

80 °C for 72 h, washed by deionized (DI) water, and then dried at 100 °C in oven to provide 

hydrophilic surface. 

4.3.2 Electrodeposition of Pt Nanoparticles on CC: A standard three-electrode electrochemical 

cell was used for Pt nanoparticles electrodeposition. Pt nanoparticles were deposited on carbon 

cloth via a pulse-mode potentiostatic approach. Saturated calomel electrode (SCE) and graphite 

rod were used as a reference and counter electrodes, respectively. 0.5 mM H2PtCl6·6H2O and 0.15 

M citric acid were used as precursors. Then, Pt nanoparticle was electrodeposited at a fixed holding 

time of 0.2 s at −1.2 V vs. SCE and 2.5 s at 0 V vs. SCE for 100 cycles. Finally, the Pt/CC sample 

was washed by DI water and annealed at 500°C for 120 min. 

4.3.3 Preparation of PtS Nanoparticles on CC: The PtS/CC sample was synthesized by a one-

step annealing process in a tube furnace with double temperature region. The sulfur powder was 

put in the upstream region and the Pt/CC precursor was in the downstream section. The 

temperature of upstream region was set as 180 °C to evaporate the sulfur and provide sulfur source 

for the sulfidation process of Pt/CC. Besides, the heating center temperature of the downstream 

region was raised up to 700 °C and the heating rate was 10 °C /min, and the center temperature 

was held at 700 °C for 30 min. The sulfidation process was performed under Ar atmosphere. 
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4.3.4 Electrochemical Test: A three electrodes electrochemical station was used to perform 

electrochemical measurements. All electrochemical tests were performed in a H-cell system 

separated by Nafion membrane. Graphite rod and calomel electrode were used as counter electrode 

and reference electrode, respectively. For NRR performance test, the potentials were controlled by 

an electrochemical station. The N2 electrochemical reduction was performed in N2-saturated 0.1 

M Na2SO4 solution at room temperature. The performance of the HER was tested using linear 

sweep voltammetry (LSV) with a scan rate of 2 mV s−1. All the LSV curves weren’t collected until 

the electrode surface reached electrochemical balance. 

4.3.5 Determination of Ammonia: The production of ammonia was determined by the 

indophenol blue method. 2.2 g of NaOH, 5.0 g of salicylic acid and 5.0 g of sodium citrate was 

first dissolved in 100 mL DI water to form color developing reagent. 0.1 g of C5FeN6Na2O was 

dissolved in 10 mL DI water. Then, 1.48 g of NaOH and 2 mL of NaClO solution were added in 

48 mL DI water to form NaClO solution with available chlorine concentration of 3.5 g/L and free 

alkali concentration of 0.75 mol/L. For determination, 2 mL of color developing reagent was added 

into 2 mL of electrolyte, followed by addition of 1 mL NaClO solution and 200 uL C5FeN6Na2O 

solution. After aging for 90 min, the absorption spectrum was measured using an UV-vis 

spectrophotometer and the concentration of indophenol blue was determined using the absorbance 

at a wavelength of 655 nm. The concentration-absorbance curve was calibrated with C = 2.093*A-

0.024. 

4.3.6 Determination of Hydrazine: The concentration of hydrazine in the electrolyte was 

estimated via the Watt and Chrisp method. The color reagent is consisted of 0.599g of para-

(dimethylamino) benzaldehyde, 3mL of HCl (12 mol/L) and 30mL of ethanol. 2 mL of the 
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electrolyte was mixed with 2 mL of color reagent and measured the absorbance at 455 nm. The 

concentration-absorbance curve was calibrated with C = 0.8964*A-0.0247. 

4.3.7 Characterizations: The morphology of Pt/CC and PtS/CC was characterized by scanning 

electron microscope (SEM, Jeol JSM-6335F) and scanning transmission electron microscope 

(TEM, Jeol JEM-2100F). The crystal structure and composition were measured by X-ray 

Diffractometer (Rigaku SmartLab). The surface valence state of Pt/CC and PtS/CC were tested by 

using X-ray photoelectron spectroscopy (XPS, Thermol Scientific Escalab 250Xi, Al Kα radiation). 

The electrochemical impedance spectroscopy (EIS) Pt/CC and PtS/CC were performed by a three-

electrode configuration using Solartron Electrochemical workstation (German) with the frequency 

ranging from 0.01 to 105 Hz. The average mass loading (14.9 μg/cm2 for Pt/CC and 16.6 μg/cm2 

for PtS/CC) of catalysts was measured with Thermo Scientific Plasma Quad 3 inductively-coupled 

plasma mass spectrometry (ICP-MS), and the final mass loading was determined by taking the 

average of three times of measurements. We performed the Pt L3-edge X-ray absorption fine 

structure (XAFS) measurements at the beamline 1W1B of Beijing Synchrotron Radiation Facility 

(BSRF) in Beijing China. The storage ring of BSRF was operated at 2.5 GeV with the maximum 

stored current of 250 mA. 

4.3.8 Theoretical Simulations: Theoretical calculations were performed using density functional 

theory (DFT) as implemented in the VASP code (5.4.3) with exchange-correlation energy 

functional, which were modeled by Perdew-Burke-Ernzerhof (PBE) functional.83-84 The cut-off 

energy was set to be 520 eV and all structures were relaxed to an energy convergence of 10-4 

eV/atom and a force convergence of 0.01 eV/Å, respectively. During the geometrical optimization, 

a (2 × 2) PtS surface with exposed (0 1 0) surface (the most stable low-index surface of PtS crystal) 

and (3 × 3) Pt slab with exposed (1 1 1) surface were applied to investigate the charge distribution 
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and adsorption behavior of NRR intermediates (including N2*, N2H*, N2H2*, HNNH*, N2H3*, 

H2NNH*, H2N2H2*, NH*, NH2* and NH3*).  

The adsorption energy (Eads) of H* and N-containing intermediates was determined 

according to the following equation: △Eads = Etotal − Esub−Eads, where Etotal, Esub, and Eads represent 

the total energies of the systems, the substrate, and the adsorbate, respectively. Change of Gibbs 

energy (∆G) was calculated by the equation: ∆G = ∆E + ∆ZPE −T∆S, where ∆E is the relative 

energy difference between the product and reactant of the NRR process; ∆ZPE and ∆S are the 

corresponding changes of zero point energies and entropy at 298.15 K, which were estimated from 

the vibrational frequencies. The limiting potential for NRR is determined by U = max {∆G1, ∆G2, 

∆G3, ∆G4, ∆G5, …., ∆Gn}. The k-points was 3 × 3 × 1 in slab optimization and static calculation. 

The thickness of vacuum in all slabs was set to 20 Å to eliminate the interactions between the 

layers caused by the periodic boundary condition. 

Table 4.1. Calculated zero-point energies, entropy and Gibbs energy change of H* and N2 adsorbed on 

PtS and Pt surface. 

 EZPE (eV) TS (eV) △G (eV) 

PtS(Pt)-H* 0.21 0.014 +0.36 

PtS(S)-H* 0.24 0.007 -0.03 

PtS-N2* 0.15 0.050 +0.40 

Pt-H* 0.20 0.018 -0.12 

Pt-N2* 0.15 0.002 +0.46 
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4.4 Design of catalyst and evaluation of NRR performance 

 

Figure 4.2. Results of surface energy test of PtS with different crystal indexes and different exposed atomic 

coordination. (a1-a2) (001) of PtS, (b1-b2) (010) of PtS and (c1-c2) (101) of PtS. Noted that owning to the 

crystal symmetry of PtS, the (010) of PtS is equivalent to (100).  
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We perform theoretical calculations to verify the outer electrons configuration and 

adsorption characteristics of PtS (010) surface, which is the most stable surface with the lowest 

surface energy (Figure 4.2). Figure 4.3 shows the calculated Bader charge of Pt atoms in Pt and 

PtS crystal, respectively. The average valence electron of Pt atoms decreases from 9.99 e (Pt) to 

9.56 e (PtS), indicating more empty orbitals for accepting long pair-electrons from N2 in PtS. The 

combination of empty d orbitals and abundant d electrons enables to feasible N2 activation. Table 

4.1 documents the calculated Gibbs free energy for N2 adsorption on PtS surface.  

 
Figure 4.3. (a-b) Bader charges of surface Pt atoms in Pt crystal. The number in figure (b) is the average 

Bader charge of surface Pt atoms in Pt crystal. (c-d) Bader charges of surface Pt atoms in PtS crystal. The 

number in figure (d) is the average Bader charge of surface Pt atoms in PtS crystal.  
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Figure 4.4. (a) Free energy diagram of H* and N2 adsorbed on Pt (black line) and PtS (red line) surface, 

respectively. (b) Differential charge density of PtS with the adsorption of N2. The yellow and cyan represent 

charge accumulation and charge depletion. For clarity, the symmetric parts of the optimized slabs at the 

bottom are not shown. Yellow, peacock blue and dark blue balls represent the S, Pt, and N atoms, 

respectively. (c) Calculated density of state (DOS) of PtS before and after N2 adsorption. (d) PDOS of N2 

(2p) before and after adsorbed on PtS surface. 

As shown in Figure 4.4a, N2 adsorbed on Pt sites of PtS surface exhibits a free Gibbs energy 

of +0.40 eV, which is smaller than that on metallic Pt surface (+0.50 eV), suggesting the better N2 

affinity of PtS surface. The theoretical HER performance on both PtS and Pt surface are also 

evaluated to estimate the *N2/*H selectivity. The calculated adsorption free energy of H* (△GH*) 

on PtS and Pt surface are +0.36 eV and -0.11 eV, respectively, indicating that the N2 adsorption 
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on PtS is comparable to competing H* adsorption. This weaker binding strength of H* on PtS 

surface suggests a sluggish kinetic for H2 formation, implying the suppressed HER performance.109 

In contrast, the metallic Pt surface shows a *H dominant character and the moderate value of △GH* 

demonstrates excellent theoretical HER performance of Pt. Hydrogen evolution is the dominant 

reaction at the cathode surface. Thus, compared with metallic Pt, Pt site on PtS surface shows 

lower probability of H* poisoning, the enhanced N2 adsorption and suppressed HER performance 

may benefit the NRR efficiency on PtS surface. Additionally, the S sites of PtS surface exhibits 

moderate H* binding strength, suggesting that more protons can be generated on S sites and 

continuously delivered to adjacent Pt sites for NH3 production (Figure 4.5). 

 

Figure 4.5. Adsorption configurations and energy of H* on (a) S site and (b) Pt site of PtS, respectively. 

Interfacial charge transfer and orbitals interaction were studied to understand detailed N2 

activation process. Differential charge density (Figure 4.4b) reveals that distinct charge transfer 

occurs between PtS and adsorbed N2, which weakens the inert N≡N triple bond and realizes 

effective N2 activation. The density of states (DOS) intensity of PtS slab (Figure 4.4c) depicts state 

distribution around Fermi level, which represents rapid charge-transfer kinetic and high electron 
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conductivity of intrinsic PtS surface. According to the extracted Partial DOS (PDOS) of Pt 5d 

orbitals (red line), the DOS at the Fermi level shows an obvious increase after the N2 adsorption, 

implying that more charge carriers directly participate into the N2 activation process. After 

adsorbing N2 on PtS surface, the PDOS of N 2p is observed right below the Fermi level and 

overlaps with Pt 5d orbitals (Figure 4.4d), which further reveals effective bonding between N2 and 

Pt site, unveiling N2 activation behavior on PtS surface. 

 
Figure 4.6. (a) Top-view and (b) side-view of PtS structure. 

We also applied free energy profiles to predict possible NRR mechanisms on both PtS 

surface. Figure 4.6 shows the detailed structural information of optimized crystal slab. Specific 

calculation parameters, such as zero-point energies, entropy and Gibbs energy change, are 

documented in Table 4.2-Table 4.4. Figure 4.7a depicts the free energy profile and NRR 

intermediates adsorption configurations of distal NRR mechanism on PtS surface. As displayed in 

Figure 4.7a, the process of *N2 → *NNH → *NNH2 → *NNH3 on PtS surface is 

thermodynamically feasible. Negligible energy barrier is observed before the first NH3 molecule 

formation. The potential determining step of distal mechanism on PtS surface is the desorption of 

*NH3, requiring an energy barrier of +0.97 eV without external potential.  



 

101 
 

 

Figure 4.7. Free energy profiles of (a) distal and (b) alternating NRR mechanism on PtS surface, 

respectively. The produced intermediates during NRR process are corresponding to the schematic diagrams 

at the bottom of the figures. 

In contrast, the distal mechanism on Pt surface (Figure 4.8) encounters with energy barriers 

of +0.46 eV for the initial N2 activation, which may greatly hinder the subsequent hydrogenation 

process. The distal NRR pathway on Pt surface exhibits a potential determining step barrier of 

+1.56 eV, which reveals poor NH3 desorption on Pt surface, going against the renewal of catalytic 

center. In addition, we investigated the alternating NRR mechanism on both PtS (Figure 4.7b) and 
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Pt (Figure 4.9) surfaces. PtS still shows much smaller free energy barrier to successfully convert 

N2 into NH3 molecule via alternating mechanism. The last step of NH3 desorption is the potential 

determining step of alternating NRR mechanism on both PtS and Pt surface. According to these 

theoretical analyses, the PtS surface can reduce the energy barrier for N2 reduction and selectively 

suppress the kinetics for hydrogen evolution, which is promising to realize robust NRR 

performance with high Faradaic efficiency.  

Table 4.2. Calculated zero-point energies, entropy and Gibbs energy of different intermediates during N2 

reduction process. 

 EZPE (eV) TS (eV) G (eV) 

N2 0.15 0.590  -13.86 

H2 0.29 0.400 -7.28 

N2H 0.34 0.001 -14.35 

N2H2 0.70 0.054 -16.40 

HNNH 0.72 0.001 -17.81 

HNNH2 1.04 0.012 -21.17 

H2NNH2 1.39 0.005 -25.45 

N2H3 1.01 0.012 -18.75 

NH 0.20 0.001 -6.48 

NH2 0.53 0.040 -11.64 

NH3 0.91 0.001 -17.09 

 

 

 

 



 

103 
 

Table 4.3. Calculated zero-point energies, entropy and Gibbs energy change of adsorbed species on PtS. 

 EZPE (eV) TS (eV) △G (eV) 

PtS-NNH* 0.45 0.04 -0.37 

PtS-NNH2* 0.79 0.07 -1.30 

PtS-NNH3* 1.11 0.05 -1.82 

PtS-HNNH* 0.76 0.03 0.03 

PtS-HNNH2* 1.14 0.06 -0.97 

PtS-H2NNH2* 1.46 0.05 -0.50 

PtS-NH* 0.31 0.03 -1.12 

PtS-NH2* 0.66 0.01 -0.96 

PtS-NH3* 0.99 0.04 -0.91 

 

 

Figure 4.8. Schematic depiction of distal mechanism of NRR pathway on metallic Pt surface. 
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Table 4.4. Calculated zero-point energies, entropy and Gibbs energy change of different adsorption 

species on Pt surface. 

 EZPE (eV) TS (eV) △G (eV) 

Pt-NNH* 0.51 0.05 -1.33 

Pt-NNH2* 0.79 0.04 -2.44 

Pt-NNH3* 1.10 0.07 -3.53 

Pt-HNNH* 0.83 0.06 -1.26 

Pt-HNNH2* 1.13 0.05 -1.43 

Pt-H2NNH2* 1.50 0.06 -1.20 

Pt-NH* 0.31 0.03 -2.06 

Pt-NH2* 0.66 0.04 -1.71 

Pt-NH3* 1.04 0.04 -0.78 

 

 

 

Figure 4.9. Schematic depiction of alternating mechanism of NRR pathway on Pt surface. 
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Figure 4.10. (a) Schematic of fabrication process of PtS nanoparticles on CC. (b) SEM images for PtS 

nanoparticles on CC. (c) EDS elemental mapping of the PtS/CC sample. (d) Particle size distribution of PtS 

nanoparticles on CC. (e) TEM and (f) HRTEM images of PtS nanoparticles. Insert in (f) is the 

corresponding Fast Fourier transformation (FFT) image. (g) HAADF-STEM image and corresponding 

EDX elemental mapping of S and Pt for PtS nanoparticles. 

Inspired by above theoretical studies, we fabricated Pt nanoparticles on carbon cloth (CC) 

through the electrochemical deposition and a one-step sulfidation process (Figure 4.10a). It is 

noteworthy that each step throughout the fabrication process is nitrogen-free to exclude possible 

N contamination. The morphology characterizations (Figure 4.11) of the electrodeposition product 

(Pt/CC) manifests that the average diameter of Pt nanoparticles is approximately 40 nm, uniformly 

decorated on the surface of CC. The well-dispersed Pt nanoparticle on CC can effectively avoid 

the particle aggregation during catalytic process and maximize the Pt atomic utilization ratio for 

catalysis. After the sulfidation process, the highly dispersive morphology is well maintained 
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(Figure 4.10b). PtS nanoparticles are uniformly anchored on CC fibers (PtS/CC) (Figure 4.10c). 

The dominant particle diameter of PtS nanoparticles is approximately 50 nm (Figure 4.10d). 

 

Figure 4.11. Morphological characterizations of Pt nanoparticles on carbon cloth. (a) and (b) SEM images 

of Pt/CC, (c) TEM and (d) HRTEM images of Pt particles, the inset in panel (d) is the corresponding SAED 

pattern. 

 Transmission electron microscopy (TEM) and high-resolution transmission electron 

microscopy (HRTEM) image (Figure 4.10e-10f) of the PtS nanoparticles show a lattice fringe with 

an interplanar spacing of 3.01 Å, corresponding to the (101) plane of PtS. The selected area 

electron diffraction (SAED) pattern of PtS also exhibits well-defined diffraction spots, which are 

well indexed to the (101) and (112) planes of PtS, respectively. Further scanning transmission 

electron microscopy (STEM) image and corresponding EDX mapping (Figure 4.10g) reveal that 

Pt and S elements are uniformly distributed throughout the whole PtS nanoparticles. 
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Figure 4.12. (a)  XRD patterns of Pt/CC and PtS/CC, respectively. (b) EDX spectrum of PtS nanoparticles. 

High-resolution XPS spectrum of (c) Pt 4f and (d) S 2p spectra in Pt/CC and PtS/CC, respectively. (e) The 

normalized X-ray absorption near-edge structure spectra at the Pt L3-edge and (f) k3-weighted Fourier 

transform spectra from EXAFS of PtS/CC, Pt/CC and Pt foil. 
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X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and energy-dispersive 

X-ray spectrum (EDX) were then applied to investigate the structures and compositions of as-

prepared PtS/CC. The XRD peaks of Pt disappear in PtS/CC, suggesting that Pt nanoparticles is 

fully converted into PtS after the sulfidation process (Figure 4.12a). PtS/CC shows standard XRD 

peaks in 29.6°, 36.7° and 47.7°, corresponding to the standard (101), (110) and (112) facets of PtS 

(PDF # 18-972), respectively. EDX spectrum (Figure 4.12b) reveals that PtS nanoparticles possess 

an approximate atomic ratio of 1:1 (Pt:S). The XPS spectrum of Pt/CC and PtS/CC exhibit 

negligible signal of N 1s, excluding the possibility of N contamination during fabrication process 

(Figure 4.13 and Figure 4.14). As shown in Figure 4.12c, Pt species in Pt/CC is mainly composed 

by metallic Pt. The peaks at 71.5 eV and 74.9 eV are assigned to Pt (0) 4f 7/2 and Pt (0) 4f 5/2, 

respectively. After the sulfidation process, the characteristic XPS peaks of Pt (0) disappears. The 

dominated Pt (II) 4f peaks in PtS/CC sample locate at 72.2 eV and 75.6 eV, indicating that metallic 

Pt is fully converted into PtS.170 The S 2p signal (Figure 4.12d) of PtS/CC is also clearly recorded, 

and the S-O peaks at 168.8 eV and 169.9 eV can be observed because of the long-time exposure 

to the air.  

 

Figure 4.13. Survey spectrum of Pt nanoparticles on carbon cloth. 
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Figure 4.14. Survey spectrum of PtS nanoparticles on carbon cloth. 

To further understand electronic and coordination structures of PtS nanoparticles, 

synchrotron radiation-based X-ray absorption fine structure (XAFS) spectroscopy of PtS were also 

conducted. Figure 4.12e shows the Pt L3-edge X-ray absorption near-edge structure (XANES) 

profiles of PtS/CC, Pt/CC and Pt foil, respectively. Pt/CC exhibits similar white line with that of 

Pt foil, demonstrating the metallic Pt characteristics in Pt/CC. The white line of PtS/CC situates at 

more positive energy than that of Pt/CC, implying that Pt species in PtS/CC bears positive 

charges.157 According to the Fourier transformed extended XAFS (EXAFS) spectra (Figure 4.12e), 

an apparent peak located in 1.5-2.5 Å is observed in PtS/CC, which is different from the typical 

peaks in Pt/CC and Pt foil (2.1-3.2 Å). For Pt/CC, the peak at 2.1-3.2 Å represents the scattering 

of neighboring Pt atom, agreeing well with the standard Pt foil. Besides, Pt/CC reveals a 

coordination number of about 9.6 and Pt-Pt bond length of 2.76 Å (Figure 4.15 & Table 4.5), 

which is consistent with the standard metallic Pt structure. In contrast to Pt/CC, negligible 

contribution from Pt-Pt is observed in PtS/CC. The peak at 1.5-2.5 Å derives from the scattering 

of the nearest sulfur atoms, revealing Pt atoms in PtS are chemical bonding with nearby S atoms.171 
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Besides, EXAFS fitting is also performed to further obtain the structure information of PtS/CC 

(Figure 4.15b). The Pt-S bond length is about 2.31 Å, and Pt species shows a coordination number 

of 3.1, suggesting the Pt species in PtS/CC is PtS phase (Table 4.5).  

 

Figure 4.15. EXAFS fitting of Pt/CC and PtS/CC, respectively. 

Table 4.5. Pt L3-edge EXAFS fitting results of Pt/CC and PtS/CC. 

 Bond R (Å) N σ2 (10-3A2)  △E (eV) 

Pt/CC Pt-Pt 2.76±0.01 9.6±0.7 5.5±0.5 9.9±0.5 

PtS/CC Pt-S 2.31±0.01 3.1±0.3 1.1±1.0 7.1±1.3 

 

N, coordination number; R, the length of Pt-Pt and Pt-S bonds; σ2, the Debye-Waller factor value; △E, inner potential 

correction. 

We firstly performed Linear Sweep Voltammetry (LSV) in 0.1 M Na2SO4 solution to 

evaluate the hydrogen evolution performance of PtS/CC and Pt/CC, respectively. As shown in 

Figure 4.16, the PtS/CC requires a higher onset potential for H2 evolution (approximately 440 mV 

vs. RHE) compared with Pt/CC (approximately 250 mV vs. RHE). The Tafel slope of PtS/CC 
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(31.4 mV/dec) is also much larger than that of Pt/CC (21.3 mV/dec), implying a sluggish HER 

kinetics and suppressed HER performance. NRR experiments were then performed in a 

compartment cell separated by Nafion membrane. N2-saturated 0.1 M Na2SO4 was used as 

electrolyte. Figure 4.17a and Figure 4.18 show the LSV curves of PtS/CC and Pt/CC in Ar and N2-

saturated 0.1 M Na2SO4 solution, respectively. Different from the Pt/CC, it is clearly observed that 

PtS/CC exhibits a higher current density in the voltage range from 0.10 V to -0.6 V in N2-saturated 

solution, indicating it is active for electrocatalytic N2 reduction under a small overpotential of 48 

mV. Small overpotential for NRR reaction can effectively prevent fierce hydrogen evolution and 

ultimately improve the NRR Faradaic efficiency.  

 

Figure 4.16. Electrochemical hydrogen evolution performance of Pt/CC and PtS/CC. Polarization curves 

(a) and (b) corresponding Tafel plots of Pt/CC and PtS/CC in 0.1 M Na2SO4 solution. 

The produced NH3 was then detected by indophenol blue method.38, 45 Figure 4.19 shows 

the calibration curve. It is clearly observed that PtS/CC exhibits larger NH3 production rate than 

that of Pt/CC at all applied potentials (Figure 4.17b). The NH3 production rate of PtS/CC at 0 V 

vs. RHE reaches the highest value of 74 μg/ mgcat·h, which is approximately 6 times than that of 

Pt/CC. In addition, the Faradaic efficiency of PtS/CC for NH3 production is higher than that of 
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Pt/CC at all applied potentials (Figure 4.17c). Remarkably, PtS/CC shows a Faradaic efficiency of 

NH3 production up to about 10% at 0.1 V vs. RHE, showing 5 times higher than that of Pt/CC. 

The productions of hydrazine are below the detection limit, indicating the high selectivity for NH3 

on PtS/CC surface (Figure 4.20-Figure 4.21). Therefore, PtS/CC exhibits superior NRR 

performance in 0.1 M Na2SO4 at room temperature, which should be attributed to the effects of 

prompted NRR kinetics and suppressed HER performance. 

 

Figure 4.17. NRR performance of PtS/CC sample. (a) LSV curves of PtS/CC in Ar-saturated and N2-

saturated 0.1 M Na2SO4 solution, respectively.  (b) NH4
+ yield rate and (c) Faradaic efficiency of both 

Pt/CC and PtS/CC at various potentials. (d) Cycling stability of PtS/CC at 0.1 V (vs. RHE). 
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Figure 4.18. LSV curves of Pt/CC in Ar-saturated and N2-saturated 0.1 M Na2SO4 solution, respectively. 

 

 

Figure 4.19. (a) UV-vis absorption spectra of various NH4
+ ion concentration after incubated for 90 min at 

room temperature. (b) Calibration curve used for NH4
+ ion production calculation. 
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Figure 4.20. (a) UV-vis absorption spectra of various N2H4 concentration at room temperature. (b) 

Calibration curve used for N2H4 production calculation. 

 

 

Figure 4.21. UV-visible absorption spectra of the 0.1 M Na2SO4 electrolytes after electrolysis at various 

potentials for 2 hours with PtS/CC. 
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Figure 4.22. (a) UV-visible absorption spectra of the 0.1 M Na2SO4 electrolytes before and after electrolysis 

at open circuit potential (OCP) for 1 hour with PtS/CC and Pt/CC. (b) UV-visible absorption spectra of the 

0.1 M Na2SO4 electrolytes after electrolysis at 0.1 V for 1 hour with PtS/CC in N2 and Ar-saturated 

electrolyte, with Pt/CC in N2-saturated electrolyte, and with CC in N2-saturated electrolyte, respectively. 

 

Figure 4.23. (a) UV-visible absorption spectra and (b) Faradic efficiency of the 0.1 M Na2SO4 electrolytes 

after electrolysis at 0.1 V for 1 hour and 3 hours with PtS/CC in N2-saturated electrolyte.  

To verify that the produced NH3 originates from the electrochemical N2 reduction process, 

we conducted a series of control experiments. First, negligible NH3 are detected with PtS/CC and 

Pt/CC electrodes at open circuit potential, suggesting that the NH3 is generated from the 
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electrochemical reduction reaction (Figure 4.22a). Second, no apparent NH3 is detected in N2-

saturated 0.1 M Na2SO4 electrolyte (Figure 4.22b) when bare CC is applied as the cathode, which 

eliminates the contribution of substrate to nitrogen production. Third, no NH3 is examined after 

replacing the electrolyte with Ar-saturated 0.1 M Na2SO4, further confirming that the generated 

NH3 is the product of electrochemical NRR process.  

 

Figure 4.24. Time-dependent current density curves of PtS/CC at various potentials. 

 

Figure 4.25. SEM images of PtS/CC after NRR stability test. 
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The stability of PtS/CC was evaluated by prolonging the NRR reaction time and successive 

recycling electrolysis at 0.1 V vs. RHE. According to the UV-visible absorption spectra (Figure 

4.23a), the yield of NH3 shows an upward trend with the prolonged electrolysis time, indicating 

the accumulation of NH3 lies in the electrocatalytic NRR reaction. Additionally, the Faradaic 

efficiency of PtS/CC shows negligible change with the reaction time (Figure 4.23b), implying that 

the NRR reaction rate of PtS/CC can keep constant with the prolonged time. According to the 

recycling tests (Figure 4.17d), insignificant decline of the NH3 yield rate is observed during 

successive 5 times recycling test. The Faradaic efficiency of PtS/CC can still maintain at 

approximately 10% during the recycling test at the applied potential of 0.1 vs. RHE.  

 
Figure 4.26. XRD patterns of PtS/CC before and after long-time NRR reaction. 

The time-dependent current density curves of PtS/CC at different applied potentials further 

confirm the excellent stability, because we can observe negligible current density drop (Figure 

4.24). The post-reaction characterization also confirms the stability of electrocatalyst. PtS/CC 

nanoparticles are still uniformly anchored on the CC after long-time electrolysis (Figure 4.25), 
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retaining the well-dispersed morphology. The XRD pattern of PtS/CC after the stability test also 

matches well with the standard PtS, indicating the excellent structure stability of PtS (Figure 4.26). 

XPS analysis on PtS/CC after the electrolysis (Figure 4.27 & Figure 4.28) further indicates the 

catalyst after electrolysis is still PtS/CC. 

 
Figure 4.27. Survey spectrum of PtS/CC after long-time NRR reaction. 

Furthermore, we measured the impedance of as-prepared electrodes to investigate the 

reaction kinetics. Although PtS/CC reveals slightly increased charge resistance (Rc) than Pt/CC 

(Figure 4.29), PtS/CC still shows excellent electrical conductivity, which implies good contact 

between active materials (PtS nanoparticles) and current collector (CC substrate). The 

electrochemical active surface area (EASA) of Pt/CC and PtS/CC were calculated based on the 

electrochemical double layer capacitance (Figure 4.30a-30b). As depicted in Figure 4.30c, the 

EASA of PtS/CC shows a dramatic increase when compared with its counterparts, showing a value 

of about 6 times as large as that of Pt/CC. The improved EASA reveals that more exposed active 

sites on PtS/CC can participate in the H* production and facilitate the hydrogenation kinetics 

during NRR process. Thus, the good electrical conductivity and increased active sites may 

facilitate the NRR kinetics of PtS/CC.  
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Figure 4.28. Detailed XPS analysis of PtS/CC after long-time NRR test. High-resolution XPS spectrum of 

(a) Pt 4f and (b) S 2p. 

 

Figure 4.29. Nyquist plots of PtS/CC and Pt/CC. 
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Figure 4.30. Electrochemical capacitance measurements for the comparison of the relative electrochemical 

active surface area of Pt/CC and PtS/CC. Cyclic voltammograms of (a) Pt/CC and (b) PtS/CC in the region 

of 0.1-0.2 V vs SCE. (c) The differences in current density at 0.15 V plotted as a function of scan rate, the 

slopes represent the electrochemical active surface area. 

4.5 Conclusion 

In summary, we demonstrate that sulfurized Pt nanoparticles plays a pivotal role in 

effective activation of N2 and suppression of undesirable HER for improved electrochemical NRR 

efficiency. Our theoretical studies reveal that alleviated barrier for N2 activation and 

thermodynamically feasible hydrogenation process can promote the conversion of N2 to NH3 on 

PtS surface. In addition, strong binding strength for H* on PtS surface indicates suppressed HER 
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kinetics. To confirm the theoretical predictions, we fabricated PtS nanoparticles on CC, and 

evaluate the NRR performance in 0.1 M Na2SO4. As expected, PtS/CC exhibits accelerated NH3 

yield rate and enhanced Faradaic efficiency, as well as excellent NRR durability. PtS/CC realizes 

a NH3 yield rate of 74 μg/ mgcat·h at 0 V versus RHE and Faradaic efficiency of about 10 % at 0.1 

V versus RHE, respectively, which manifests a remarkable NRR performance in noble metal-

based materials. This work provides a guideline to optimize the NRR performance of Pt-based 

materials and paves a new avenue to broaden the application of noble metals toward N2 

electrochemical reduction. 
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5 Computational Design of Transition Metal Single Atom 

Electrocatalysts on PtS2 for Efficient Nitrogen Reduction 

5.1 Objective and Motivation 

Electrocatalytic nitrogen-to-ammonia fixation is accepted as a sustainable and 

environmentally friendly strategy to replace Haber-Bosch process for ammonia production. Single 

atom electrocatalysts hold great promise to convert N2 into NH3 due to its molecular catalysis 

property and ultrahigh atomic utilization ratio. Here, we propose a universal design principle to 

assess the performance of single atom electrocatalysts supported on PtS2 substrate towards the N2 

reduction reaction. Our results demonstrate Ru single atom on PtS2 exhibits the best NRR 

performance with a reduced barrier of potential limiting step, which is much smaller than the 

benchmark of the Ru (0001). In addition, our results demonstrate that the various barriers of 

limiting potential is linear correlated to the binding strength of N* (△EN*). More importantly, the 

△EN* is proved to be related to the integral of the density of unoccupied d orbital states of the 

single atom center. This work proposes an intermediate parameter (△EN*) to bridge the NRR 

performance and intrinsic electronic structure of single atom center, which may offer effective 

guidance to design and screen durable and efficient single-atom electrocatalysts for NRR reaction. 

5.2 Introduction 

Nitrogen reduction reaction (NRR) plays a crucial role in social development, involving many 

aspects of modern life, such as agricultural production, chemical synthesis and biological medicine 

field.41, 148, 172-174 Haber-Bosch process, as one of the most important artificial NRR processes, 

convert hydrogen and nitrogen to ammonia (NH3) under high temperatures and pressures, which 

consumes about 1-2% of the energy supply in the whole world. Moreover, massive CO2 emission 



 

123 
 

during Haber-Bosch process also aggravate the climate warming and other environmental 

problems.44 Recently, NH3 production driven by electricity has spurred intensive interest, because 

the electrochemical nitrogen reduction reaction (eNRR) process is environmentally friendly and 

can perform at ambient conditions.38, 40, 146, 154, 175-176 Inspired from the MoFe-cofactor in 

nitrogenous, most of efficient eNRR catalysts based on transition metals (TMs) have been 

designed to activate inert N≡N triple bond for efficient NRR process.177-178 However, high 

overpotential and unsatisfied Faradaic efficiency still hinder the eNRR development due to the 

high barrier for potential limiting step (PDS) and fierce competing hydrogen evolution reaction 

(HER).179 Moreover, the inner mechanism that bridges the overpotential of eNRR and intrinsic 

property of TM center is still vague, which limits the further development of electrocatalyst for 

NRR reaction. Thus, it’ of great significance to establish relevant theoretical cognition to give 

guidance for eNRR catalyst screening and modification.   

Since the role of active MoFe-cofactor in biological nitrogen fixation was unveiled, functional 

analogues of nitrogenase based on TMs have been designed by coordinating the active mental with 

different ligands.180-182 Different from the metal site in metallic state, biomimetic metal center 

shows properties of molecular catalysts, its unique localized electron density and surface 

coordination configuration are proved to be beneficial for dinitrogen reduction.56, 183 However, 

majority of molecular catalysis occurs in homogeneous environment, which is not applicable in 

eNRR process. Recently, the emergence of single-atom catalysts (SACs) provide a platform to 

develop heterogeneous eNRR electrocatalysts with molecular catalysis properties.53, 184 In SACs, 

the single metal center is coordinated by ligands or substrates, sharing similar structure with 

molecular catalysts. Besides, compared with conventional TM-based eNNR catalysts, SACs can 

greatly improve the atomic utilization ratio and enhance the NRR efficiency. More importantly, 
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SACs can act as excellent model to reveal the relationship between active metal center and 

overpotential of eNRR process, which is advantageous to design novel heterogeneous eNRR 

candidates.  

So far, many theoretical studies have reported computational screening of eNRR 

electrocatalysts by anchoring different SACs on one specific support and selecting the most 

promising one with the lowest overpotential.56, 185 For example, single Mo atom supported on 

defective boron nitride exhibits superior NRR performance with a very low overpotential of 0.19 

V at room temperature.152 On single W atom embedded on g-C3N4, N2 molecular follows the 

associative enzymatic pathway and successfully convert into NH3 with a limiting potential of 

−0.35 V.55 However, rare computational work establishes the bridge between intrinsic activity of 

SACs and required overpotential during eNRR process. Lacking proper descriptor to describe the 

determining factor of NRR brings about a lot of confusion to screen the NRR candidates. In 

addition, the effect of supports on theoretical NRR performance of SACs is also important, as the 

substrate have a direct influence on the electron distribution of SACs, and the binding strength 

between substrate and SACs indicates the stability of eNRR catalyst. 

In this work, we applied computational method to assess to theoretical NRR performance of 

SACs supported on PtS2 by considering four key aspects: stability of catalysts, selectivity of 

HER/NRR, overpotential for NRR and electronic origins. Among various transition metal disulfide, 

PtS2 was introduced as the SACs supports to construct different metal centers due to the localized 

charges on the surface. stability of catalysts. The formation energy of SACs-PtS2 was first 

calculated to eliminate the inappropriate models with poor stability. Then, we investigated the 

selectivity between HER competing reaction and NRR reaction by comparing the H* and N2 

affinity of SACs-PtS2 surface. Besides, we simulated the NRR reaction pathway on selected SACs-
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PtS2 and discovered the PDS of SACs-PtS2 is the first protonation process. The intrinsic activity 

trends in terms of the barrier of PDS proved to be linear correlated to the binding strength of 

nitrogen atom (ΔEN*). More importantly, according to relative electronic structure investigation, 

the variation of ΔEN* on different SACs is strongly dependent on the unoccupied d orbitals. The 

integral of density of unoccupied d orbitals states shows a linier relationship with binding strength 

of N*, offering a juncture to bridge the NRR activity and intrinsic electronic structure of SACs. 

Based on above analysis, we propose rational strategy to design SACs supported on PtS2 by 

comparing the selectivity of HER/NRR and engineering the binding strength of N* to reduce the 

barrier of PDS.  

5.3 Experimental Section 

Structure relaxation and electronic energy calculations were performed using spin-polarized 

density functional theory (DFT) as implemented in the VASP code (5.4.3) with exchange-

correlation energy functional, which were modeled by Perdew-Burke-Ernzerhof (PBE) functional. 

We used the vdW2 correlation (vdW-DF2) to account for Van der Walls interactions. The cut-off 

energy was set to be 520 eV and all structures were relaxed to an energy convergence of 10-4 

eV/atom and a force convergence of 0.01 eV/Å, respectively.  

During the geometrical optimization, surface energies of different layers of PtS2 were firstly 

tested and monolayer PtS2 was selected as the proper slab for single atom modification. (3 × 3) 

PtS2 slab with exposed (001) surface was applied to support 16 kinds of possible single atom 

catalysts, such as Ti, V, Cr, Mn, Fe, Co, Ni, Zr, Ni, Mo, Tc, Rh, Ru, Pd, Ir and Pt. The formation 

energy (Efor) of single transition metal (TM) atoms on monolayer PtS2 was determined by the 

following equation: △Efor = Etotal – EPtS2 − Eatom, where Etotal, EPtS2, and Eatom represent the total 

energies of the SAC-PtS2, the monolayer PtS2 substrate, and the single TM atom, respectively. The 
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formation energy represents the feasibility of material design, thus V-PtS2, Cr-PtS2, Mn-PtS2, Tc-

PtS2 were first excluded from the theoretical models due to the great structure distortion induced 

by single TM atom modification. Then, Ti-PtS2, Zr-PtS2, Nb-PtS2 and Mo-PtS2 were screened out 

because of the required positive barriers for N2 adsorption. 

Further charge distribution and adsorption behavior of NRR intermediates (including N2*, 

N2H*, N2H2*, N2H3*, N*, NH*, NH2* and NH3*) were conducted on rest of SACs-PtS2: Co-PtS2, 

Fe-PtS2, Ni-PtS2 and Rh-PtS2, Ru-PtS2, Pd-PtS2, Ir-PtS2 and Pt-PtS2. The adsorption energy (Eads) 

of H* and N-containing intermediates on SACs-PtS2 were determined according to the following 

equation: △Eads = Etotal − Esub−Eads, where Etotal, Esub, and Eads represent the total energies of the 

systems, the substrates, and the adsorbates, respectively. Change of Gibbs energy (∆G) was 

calculated by the equation: ∆G = ∆E + ∆ZPE −T∆S, where ∆E is the relative energy difference 

between the product and reactant of the NRR process; ∆ZPE and ∆S are the corresponding changes 

of zero point energies and entropy at 298.15 K, which were estimated from the vibrational 

frequencies.  

Noted that, the computational hydrogen electrode (CHE) model was used to compute ∆G of 

each elementary step during NRR pathways and he chemical potential of the proton–electron pair 

was roughly equivalent to one-half of the chemical potential of hydrogen molecule. The selectivity 

of HER and NRR performance was estimated from the comparison of ∆GH* and ∆GN2.The limiting 

potential for NRR is determined by U = max {∆G1, ∆G2, ∆G3, ∆G4, ∆G5, …., ∆Gn}. The k-points 

was 3 × 3 × 1 in slab optimization and 5 × 5 × 1 in static calculation, respectively. The thickness 

of vacuum in all slabs was set to 20 Å to eliminate the interactions between the layers caused by 

the periodic boundary condition. 
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5.4 Design of SACs and eNRR mechanism study 

To determine the most suitable PtS2 matrix for SACs-PtS2 structures, surface energy of 1-

layer, 2-layer and few-layer PtS2 with exposed (001) surface were calculated to select the most 

stable substrate. As shown in Figure 5.1a, the surface energies of 1-layer, 2-layer and 3-layer PtS2 

are 0.0094 eV/Å, 0.0096 eV/Å and 0.0097 eV/Å, showing an increasing tendency with the 

increased layer of PtS2. Thus, in consideration of the surface stability and simplicity of calculation, 

monolayer PtS2 with exposed (001) surface is selected as the substrate for the construction of 

SACs-PtS2 structures. We then calculate the formation energies of possible single metal atoms on 

PtS2 monolayer to quantitatively describe their structural stabilities. Among the 18 selected TM 

SACs demonstrated in Figure 5.2a, V, Cr and Mn are inappropriate to act as SACs on PtS2 

monolayer because the introduction of these atoms inevitably induces great substrate distortion 

and leads to instable surface with high energy, which goes against the purpose for long-term uses. 

The formation energy of rest atoms is summarized in Figure 5.2b, all the SACs exhibit strong 

binding to the PtS2 substrate, which can effectively prevent the aggregation during NRR process. 

Besides, SACs-PtS2 composed by elements in the former groups, including Ti-PtS2, Mo-PtS2, Nb-

PtS2 and Zr-PtS2, show stronger binding interaction than middle- and late-group elements, which 

may ascribe to the different electronegativity. However, further investigation of N2 affinity on Ti-

PtS2, Mo-PtS2, Nb-PtS2 and Zr-PtS2 reveal thermodynamic non-spontaneous character (Figure 

5.1b), the initial N2 adsorption on Ti-PtS2, Mo-PtS2, Nb-PtS2 and Zr-PtS2 require energy barriers 

of +0.25 eV, +0.15 eV, +0.48 eV and +0.49 eV, respectively. Due to the hindered initial step of 

NRR pathway, Ti-PtS2, Mo-PtS2, Nb-PtS2 and Zr-PtS2 are screened out from the promising NRR 

candidates. 
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Figure 5.1. (a) Surface energy comparison of 1-layer, 2-layer and 3-layer PtS2 slabs, respectively. (b) N2 

adsorption on Mo-PtS2, Nb-PtS2, Ti-PtS2 and Zr-PtS2, respectively. 

According to the Figure 5.2b, Fe, Co, Ni, Rh, Ru, Ir and Pt single atom all exhibit moderate 

binding strength (-2 ~ -3 eV) with the PtS2 substrate. The moderate interaction can not only bring 

about excellent stability but also reserve the unique property of single atom catalysts, which is 

beneficial for N2 activation. We also study various possible adsorption sites of single atom 

catalysts to fully understand the formation of SACs-PtS2 catalysts (Figure 5.3). Among various 

structures, the structure of SACs coordinated with three sulfur atoms and mono-sulfur atom are 

steady states, and partial electron transfer from PtS2 to SACs can be observed in both of these 

structures. Moreover, SACs located in the cavity composed by three sulfur atoms show lower 

energy than that bond with mono-sulfur, and more localized electrons can be trapped on the SACs 

in S-S-S cavity, indicating excellent potential for N2 activation. In addition, the Bader electron of 

single Pt-group atom on PtS2 shows a value of appropriate 10, which demonstrates a fully occupied 

d orbital.  
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Figure 5.2. (a) 16 kinds of transition metals are considered to construct SACs-PtS2. Orange shades indicate 

SACs-PtS2 composed by metals that is not stable, which are not considered for further discussion. (b) 

Formation energy of stable SACs-PtS2 structures.  
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Table 5.1. Calculated Zero-point energies, entropy and Gibbs energy of H* on SACs-PtS2 surface. 

 EZPE (eV) TS (eV) G (eV) 

Co-PtS2 0.17 0.03 -78.51 

Fe-PtS2 0.16 0.03 -79.86 

Ir-PtS2 0.15 0.03 -79.83 

Ni-PtS2 0.16 0.03 -77.36 

Pd-PtS2 0.17 0.03 -76.82 

Pt-PtS2 0.19 0.02 -77.22 

Rh-PtS2 0.18 0.02 -78.67 

Ru-PtS2 0.17 0.02 -79.70 

 

Table 5.2. Calculated Zero-point energies, entropy and Gibbs energy of N2 on SACs-PtS2 surface during 

N2 reduction process. 

 EZPE (eV) TS (eV) G (eV) 

Co-PtS2 0.20 0.05 -89.33 

Fe-PtS2 0.19 0.06 -90.54 

Ir-PtS2 0.20 0.04 -89.51 

Ni-PtS2 0.19 0.06 -88.28 

Pd-PtS2 0.18 0.08 -87.84 

Pt-PtS2 0.20 0.05 -88.49 

Rh-PtS2 0.18 0.07 -89.00 

Ru-PtS2 0.19 0.05 -90.07 
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We compared free energy change for H* and N2 adsorption on SACs supported on PtS2 to 

determine the selectivity of NRR performance and competing HER reaction.  Relative zero-point 

energies and entropies are documented in Table 5.1-Table 5.2. As displayed in Figure 5.4a-5.4b, 

H* can bond with different SACs via chemical interaction, but different SACs center shows 

various H* binding strength. The △G(H*) of Co-PtS2, Ni-PtS2, Pd-PtS2 and Pt-PtS2 are +0.37 eV, 

+0.45 eV, +0.71 eV and +0.49 eV, respectively, which require external energy input to trigger H* 

adsorption, indicating the H* repulsive interactions. As a contrast, Ir-PtS2 shows a △G(H*) value 

of -0.68 eV, indicating a spontaneous and strong binding ability of H*. Strong H* binding strength 

suggests Ir-PtS2 surface may have a high chance of getting “H*-poisoned”, which may deactivate 

the SACs catalytic sites and lead to poor NRR stability. Fe-PtS2, Rh-PtS2 and Ru-PtS2 exhibit 

moderate H* affinity and have △G(H*) value that close to zero, showing △G(H*) of +0.19 eV, -

0.06 eV and -0.11 eV, respectively.  

The free energy change of N2 adsorption on SACs-PtS2 were then calculated, corresponding 

charge density differences between before and after N2 adsorption were also studied to unveil the 

interaction between SACs and N2 molecular. Figure 5.4c shows the △G(N2) on different SACs 

supported on PtS2 substrate, and N2 adsorption on all the SACs are thermodynamically feasible, 

revealing △G(N2) of -0.23 eV, -0.27 eV, -0.15 eV, -0.25 eV, -0.09 eV, -0.18 eV, -0.26 eV and -

0.56 eV on Co-PtS2, Fe-PtS2, Ir-PtS2, Ni-PtS2, Pd-PtS2, Rh-PtS2, Ru-PtS2 and Pt-PtS2, respectively. 

Distinct charge transfer can be observed between SACs and adsorbed N2, which weakens the 

stubborn N≡N triple bond and benefits effective N2 activation. As depicted in Figure 5.4d, the 

charge density of N-N bond decreases after bonding to the SACs center, and the localized charge 

on N atoms show great increase. In addition, the charge accumulation and depletion on SACs 

demonstrates effective σ donation from N2 and π backdonation to N2. The amount of charge 
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transfer on SACs and N2 molecular are also estimated by Bader charge calculation, and the results 

are documented in Table 5.3. During N2 adsorption process on Ru-PtS2, 0.34 e is transferred from 

Ru single atom to N2 molecular, which can facilitate the activation of N≡N bond and promote the 

succeeding hydrogenation reaction. Thus, Ru-PtS2 holds great potential to act as excellent NRR 

catalysts among these candidates. 

 

Figure 5.3. Structures of PtS2 supported SACs with different coordination. The energies of optimized 

structures and localized Bader electrons on SACs are also summarized. The structure of single transition 

metal coordinated with three sulfur atoms is more stable than that bonds with mono-sulfur atom.  
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Figure 5.4. (a) Changes of Gibbs energy and (b) structures of H* adsorption on selected SACs-PtS2. (c) 

Changes of Gibbs energy of N2 adsorption on selected SACs-PtS2. (d) Charge density differences between 

before and after N2 adsorption on selected SACs-PtS2 surfaces, respectively. The isosurface level of d is 

0.003e/Å3. The yellow and cyan represent charge accumulation and charge depletion. For clarity, the 

symmetric parts of the optimized slabs at the bottom are not shown. 

The NRR selectivity on SACs-PtS2 is then analyzed by detailly considering the free energy 

changes of *N2 and H* adsorption processes. It is difficult to achieve high NRR efficiency when 

SACs have more thermodynamic advantages in binding H*. If SACs-PtS2 show a preference of 

H* adsorption, the SACs center may be preoccupied by H* and leave little catalytic site for N2 

reduction. As seen in Figure 5.5, most of SACs are located in the NRR dominant region (ΔG(*N2) 

< ΔG(*H)), while Ir-PtS2 shows HER dominant property. For the SACs in NRR dominant region, 

N2 reduction occupies a dominant position in the cathode reactions, and the Faradaic efficiency of 

NRR would be less hindered by the competing HER reaction under low overpotential. Thus, we 
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demonstrate Co-PtS2, Fe-PtS2, Ni-PtS2, Rh-PtS2, Ru-PtS2, Pd-PtS2 and Pt-PtS2 are promising to 

serve as NRR electrocatalysts due to superior *N2/*H selectivity. 

Table 5.3. Change of amount of Bader electrons on SACs-PtS2 and N2 molecular after N2 adsorption. 

SA-PtS2 △ρ of SA △ρ of S atoms 
near SA 

△ρ of adsorbed N2 

Co-PtS2 -0.40 e -0.04 e +0.12 e 

Fe-PtS2 -0.18 e -0.32 e +0.16 e 

Ir-PtS2 -0.99 e +0.37 e +0.27 e 

Ni-PtS2 -0.14 e -0.01 e +0.17 e 

Pd-PtS2 -0.19 e -0.73 e +0.09 e 

Pt-PtS2 -0.23e -0.16e +0.22e 

Rh-PtS2 -0.28 e -0.45 e +0.22e 

Ru-PtS2 -0.34 e +0.01 e +0.34 e 

 

 
Figure 5.5. Comparison of △G(H*) and △G(*N2) on selected SACs-PtS2 surfaces. Light red region and 

light blue region indicate △G(*N2) < 0 eV and △G(*N2) > 0 eV, respectively. The Dashed line represents 

△G(H*) = △G(*N2). SACs-PtS2 in the △G(*N2) < △G(H*) is NRR dominant region, and SACs-PtS2 in 

the △G(*N2) > △G(H*) is HER dominant region. 
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Table 5.4. Calculated Zero-point energies, entropy and Gibbs energy of *N2H on SACs-PtS2 surface 

during N2 reduction process. 

 EZPE (eV) TS (eV) G (eV) 

Co-PtS2 0.46 0.06 -91.49 

Fe-PtS2 0.45 0.07 -92.67 

Ni-PtS2 0.44 0.07 -90.04 

Pd-PtS2 0.42 0.04 -89.40 

Pt-PtS2 0.45 0.06 -90.16 

Rh-PtS2 0.44 0.04 -91.22 

Ru-PtS2 0.47 0.05 -92.62 

 

Table 5.5. Calculated Zero-point energies, entropy and Gibbs energy of *N2H2 on SACs-PtS2 surface 

during N2 reduction process. 

 EZPE (eV) TS (eV) G (eV) 

Co-PtS2 0.80 0.07 -94.77 

Fe-PtS2 0.77 0.07 -95.82 

Ni-PtS2 0.79 0.04 -93.32 

Pd-PtS2 0.78 0.05 -92.58 

Pt-PtS2 0.80 0.04 -93.60 

Rh-PtS2 0.79 0.07 -94.31 

Ru-PtS2 0.79 0.07 -96.04 
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Table 5.6. Calculated Zero-point energies, entropy and Gibbs energy of *N2H3 on SACs-PtS2 surface 

during N2 reduction process. 

 EZPE (eV) TS (eV) G (eV) 

Co-PtS2 1.01 0.07 -97.54 

Fe-PtS2 1.00 0.05 -99.66 

Ni-PtS2 1.10 0.04 -95.63 

Pd-PtS2 1.09 0.04 -94.81 

Pt-PtS2 1.11 0.07 -96.03 

Rh-PtS2 1.06 0.03 -98.05 

Ru-PtS2 0.97 0.01 -100.30 

 

 

Table 5.7. Calculated Zero-point energies, entropy and Gibbs energy of NH* on SACs-PtS2 surface 

during N2 reduction process. 

 EZPE (eV) TS (eV) G (eV) 

Co-PtS2 0.34 0.08 -84.49 

Fe-PtS2 0.33 0.09 -86.05 

Ni-PtS2 0.32 0.10 -83.07 

Pd-PtS2 0.29 0.03 -82.05 

Pt-PtS2 0.31 0.02 -82.93 

Rh-PtS2 0.34 0.09 -84.46 

Ru-PtS2 0.33 0.09 -86.28 
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Table 5.8. Calculated Zero-point energies, entropy and Gibbs energy of NH2* on SACs-PtS2 surface 

during N2 reduction process. 

 EZPE (eV) TS (eV) G (eV) 

Co-PtS2 0.64 0.04 -89.25 

Fe-PtS2 0.63 0.06 -90.80 

Ni-PtS2 0.64 0.04 -87.98 

Pd-PtS2 0.63 0.05 -87.08 

Pt-PtS2 0.65 0.04 -88.15 

Rh-PtS2 0.65 0.04 -88.85 

Ru-PtS2 0.65 0.03 -90.52 

 

Table 5.9. Calculated Zero-point energies, entropy and Gibbs energy of NH3* on SACs-PtS2 surface 

during N2 reduction process. 

 EZPE (eV) TS (eV) G (eV) 

Co-PtS2 1.01 0.03 -93.49 

Fe-PtS2 1.01 0.03 -94.73 

Ni-PtS2 1.02 0.03 -92.48 

Pd-PtS2 1.00 0.03 -91.95 

Pt-PtS2 1.02 0.024 -92.71 

Rh-PtS2 1.01 0.03 -93.04 

Ru-PtS2 1.01 0.03 -94.09 
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Figure 5.6. Calculated Gibbs free energy diagrams of distal NRR pathways on (a) Fe-PtS2 and (b) Ru-PtS2 

surface, respectively. Corresponding structures are displayed at the bottom of diagrams. 
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Figure 5.7. Calculated Gibbs free energy diagrams of distal NRR pathways on (a) Co-PtS2 and (b) Rh-PtS2 

surface, respectively. Corresponding structures are displayed at the bottom of diagrams. 
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Figure 5.8. Calculated Gibbs free energy diagrams of distal NRR pathways on (a) Ni-PtS2 and (b) Pd-PtS2 

surface, respectively. Corresponding structures are displayed at the bottom of diagrams. 
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To fully understand the PDS of NRR pathway and evaluate the theoretical NRR performance 

of selected 7 of SACs-PtS2, the whole free energy diagrams of SACs-PtS2 without external applied 

potential are investigated and corresponding structures are shown at the bottom of free energy 

plots. Calculated Zero-point energies, entropy and Gibbs energy of N-containing intermediates are 

documented in Table 5.4-Table 5.9. Figure 5.6 depicts the distal NRR pathways on Fe-PtS2 and 

Ru-PtS2 surfaces, respectively, and the SACs can sustain stable during the whole NRR process. 

As known, Fe and Ru have 8 outer electrons with a configuration of 4s2 3d6 and 5s1 4d7, 

respectively. The combination of occupied and unoccupied d orbitals shows great advantageous 

for N2 activation and reduction. According to Figure 5.6, the calculated free energy on Fe-PtS2 

along distal mechanism are 1.50 eV, +0.49 eV, -0.19 eV, +0.16 eV, -1.11 eV, -0.29 eV and +1.22 

eV, respectively. The calculated free energy on Ru-PtS2 along distal mechanism are 1.09 eV, +0.22 

eV, -0.62 eV, +0.57 eV, -0.60 eV, +0.06 eV and +1.05 eV, respectively. For Fe-PtS2 and Ru-PtS2, 

the steps of *N2 + H*→*N2H and last NH3 desorption encounter great potential barriers (> 1.0 

eV), and the first protonation step is regarded as the PDS. Ru-PtS2 presents a PDS barrier of 1.09 

eV, which is much lower than Fe-PtS2 (1.50 eV), demonstrating Ru-PtS2 is more favorable for 

NRR reaction. 

Similarly, the distal NRR pathways on Co-PtS2 (4s2 3d6) and Rh-PtS2 (5s1 4d7) surfaces are 

summarized in Figure 5.7. Rh-PtS2 shows free energies of +1.42 eV, +0.55 eV, -0.11 eV, +0.15 

eV, -0.75 eV, -0.55 eV and +0.99 eV, respectively, which exhibiting a lower PDS barrier than Co-

PtS2 (1.48 eV). However, the PDS of Rh-PtS2 is still larger than Ru-PtS2, which may attribute to 

different configuration of d orbitals. The free energy values of Ni-PtS2 (4s2 3d8), Pd-PtS2 (4d10) 

and Pt-PtS2 (6s1 4f14 4d10) were also detailly investigated to confirm our assumption, and 

corresponding free energy plots are shown in Figure 5.8 and Figure 5.9. SACs in Pt-group have 
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almost fully occupied d orbitals, Ni-, Pd- and Pt-PtS2 require much higher PDS barriers of 1.88 

eV, 2.08 eV and 1.97 eV, respectively. Among the selected 7 of SACs-PtS2, Pd-PtS2 has a fully 

occupied d orbitals configuration due to the Hund's rules, leading to the highest PDS barrier and 

sluggish NRR performance. 

 

Figure 5.9. Calculated Gibbs free energy diagrams of distal NRR pathways on Pt-PtS2 surface. 

Corresponding structures are displayed at the bottom of diagrams. 

To present a clear understanding of the PDS step on different SAC centers, we compare the 

energy barriers of *N2 + H*→*N2H and last NH3 desorption, which are the widely accepted PDS 

steps in previous study. According to Figure 5.10a, the required energy for the first step of 

hydrogenation is significantly larger than that for NH3 desorption on Ni-PtS2, Pd-PtS2 and Pt-PtS2. 

For Fe-PtS2 and Ru-PtS2, although the free energies of *N2 + H*→*N2H and NH3 desorption show 

similar values, the hydrogenation step is still the PDS due to the slightly larger barrier. Thus, the 
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NRR limiting potential on SACs-PtS2 is the energy barrier of the first hydrogenation step and the 

thermodynamic feasibility of *N2 + H*→*N2H reveals d-electron depended property, which may 

imply the inner connection between d-electronic structure and theoretical NRR performance. 

Table 5.10. Calculated Zero-point energies, entropy and Gibbs energy of N* on SACs-PtS2 surface during 

N2 reduction process. 

 EZPE (eV) TS (eV) G (eV) 

Co-PtS2 0.06 0.002 -80.17 

Fe-PtS2 0.06 0.001 -82.23 

Ni-PtS2 0.04 0.005 -78.15 

Pd-PtS2 0.03 0.007 -77.18 

Pt-PtS2 0.05 0.003 -78.63 

Rh-PtS2 0.05 0.002 -80.23 

Ru-PtS2 0.06 0.001 -82.95 

 

To bridge the PDS on SACs-PtS2 with the d-electronic configuration, we need to seek for 

appropriate intermediate parameter to simplify the hydrogenation process. Considering the PDS is 

positive correlated with the stability of N2H* intermediate, we then applied the adsorption of N2H* 

(ΔEN2H*) to replace the △G of *N2 + H*→*N2H. This approximation can convert the complex 

proton-coupled electron transfer reaction into simple adsorption behavior. To the best of our 

knowledge, relatively strong stabilization of N2H* species can guarantee the reduction of the NRR 

overpotential. More importantly, based on previous study, N2H* adsorption holds a good linear 

relation with N* affinity (ΔEN*), indicating we can use ΔEN* to concisely describe the PDS step of 

NRR reduction on SACs-PtS2. As the SACs change, adsorption strength of all N-containing 
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intermediates changes too. We first confirm the relationship between ΔEN2H*, ΔEN* and PDS 

barrier by first-order linear fitting, and the fitting curve is depicted in Figure 5.10b-5.10c. Relative 

calculation parameters are documented in Table 5.10. For all the SACs-PtS2, ΔEN2H* and ΔEN* 

exhibit excellent linear relationship with a R2 of 0.93. Ru-PtS2 possesses the best N* affinity, 

showing the N* adsorption energy of about -0.35 eV. The superior N* affinity of Ru-PtS2 is 

beneficial for the stabilization N2H* species (ΔEN2H* = -2.4 eV), contributing to a reduced PDS 

barrier and favorable NRR reaction. In contrast, Ni-, Pd- and Pt-PtS2 demonstrate poor N* affinity 

(ΔEN* = +2.69 eV for Ni, ΔEN* = +3.38 eV for Pd and ΔEN* = +2.10 eV for Pt), which is regarded 

as the main cause for sluggish NRR pathways. 

 

Figure 5.10. (a) Gibbs energies of *N2 + H*→ *N2H and NH3 desorption on selected SACs-PtS2 surfaces.  

The dashed line represents Gibbs energies change of *N2 + H*→ *N2H on Ru (0001), which is the PDS of 

NRR pathway on Ru (0001). (b) The computed adsorption energies of *N2H (△E*N2H) as a function of the 

adsorption energy of N* (△E*N) on SACs-PtS2. (c) The computed energy barriers of PDS as a function of 

the adsorption energy of N* (△E*N) on SACs-PtS2. 
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To unveil the effect of d-electron configuration on N* affinity, we calculate the density of 

state (DOS) of N* adsorbed on SACs-PtS2 and extract the partial density of state (PDOS) of SACs 

(nd orbitals, n = 3, 4 or 5.) and N (2p orbitals). According to Figure 5.11a-5.11d, Co-PtS2, Fe-PtS2, 

Rh-PtS2 and Ru-PtS2 show overlapped PDOS between SACs (nd) and N (2p) just below the Fermi 

level. The overlapped PDOS indicates SACs can interact with adsorbed N* and form strong 

chemical bonding, DOS intensity located at Fermi level suggests more charge can participate in 

the NRR process, which can greatly promote the NRR performance. In contrast, negligible DOS 

intensity is observed near the Fermi level when N* binds with Ni-PtS2, Pd-PtS2 and Pt-PtS2, 

respectively (Figure 5.11e-5.11g). Moreover, the degree of orbitals overlaps between Pt-group 

SACs and N* is dramatically smaller than other SACs, further confirming weaker N* affinity on 

Ni-PtS2, Pd-PtS2 and Pt-PtS2. More importantly, for all of the selected SACs-PtS2, the orbitals 

overlapped regions around the Fermi level are mainly located in unoccupied d orbitals. Thus, we 

speculate the interaction between unoccupied d orbitals and N* (2p) may play an important role in 

N* adsorption.  

We then integrate the unoccupied d orbitals of SACs to quantitively analyze the relationship 

between electronic structure of SACs center and N* affinity, which can act as impetus to explain 

the inner connection between d-electron configuration and PDS barrier of NRR. As depicted in 

Figure 5.12, the integral of unoccupied PDOS of SACs-PtS2 follows an increasing trend of Pd-

PtS2 (0.67 eV) < Ni-PtS2 (0.93 eV) < Pt-PtS2 (1.24 eV) < Co-PtS2 (1.97 eV) < Rh-PtS2 (1.73 eV) 

< Fe-PtS2 (2.37 eV) < Ru-PtS2 (4.39 eV), which is in consistence with the N* affinity. Besides, 

the unoccupied d orbitals show great linear correlation with the adsorption energy of N* with a R2 

= 0.91. This linear relationship offers a quantitative explanation for the role of unoccupied d 

orbitals in determining the bonding strength of key N-containing intermediates, which is the origin 
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of the different PDS barriers of NRR reaction on different metal centers. Based on above analysis, 

we can establish a direct association from unoccupied d orbitals to N* affinity, N2H stability and 

barrier energy of PDS, implying the amount of unoccupied d orbitals can act as a descriptor to 

predict the adsorption energy of N2H* intermediate, ultimately speculating the PDS barrier of NRR 

on SACs centers. 

 

Figure 5.11. (a) The partial density of states (PDOS) of Fe (3d orbitals) and N (2p orbitals). (b) The PDOS 

of Ru (4d orbitals) and N (2p orbitals). (c) The PDOS of Co (3d orbitals) and N (2p orbitals). (d) The PDOS 

of Rh (4d orbitals) and N (2p orbitals). (e) The PDOS of Ni (3d orbitals) and N (2p orbitals). (f) The PDOS 

of Pd (4d orbitals) and N (2p orbitals). (g) The PDOS of Pt (5d orbitals) and N (2p orbitals). 
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Figure 5.12. (a) The computed adsorption energy of *N (△E*N) on SACs-PtS2 as a function of integral of 

DOS intensity of SACs (nd, n=3, 4 or 5) in the range of 0 eV-5 eV. (b) The computed energy barriers of 

PDS as a function of integral of unoccupied DOS intensity of SACs (nd, n=3, 4 or 5) in the range of 0 eV-

5 eV. 

5.5 Conclusion 

In summary, we explored efficient SACs on PtS2 substrate for eNRR process by setting a 

series of screening criteria, including binding strength of SACs to the substrate, selectivity of 

HER/NRR and energy barrier of potential limiting step. Among various SACs-PtS2, Ru-PtS2 

exhibits excellent stability and better N2 affinity, it also shows the lowest barrier (1.09 eV) to 

convert N2 into NH3, suggesting the great potential to serve as electrocatalyst for NRR 

performance. More importantly, we establish the inner connection between the potential barrier 

and intrinsic d electronic configuration by introducing an intermediate parameter of △N*. Based 

on the statistical results, the potential barrier shows linear correlation with the binding strength of 

N*, which is also linear correlated with the PDOS integral of the unoccupied d orbital of SACs.  
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6 Summary and perspectives 

In this thesis, we demonstrate effective surface engineering strategies to enhance the 

electrocatalytic water splitting performance and nitrogen reduction activity. Hydrophilic 

functional groups modification and surface heteroatom incorporation show great potential to 

improve the water splitting performance. Besides, d-electron modulation of catalytic TM-center 

induced by sulfidation process plays a positive role in N2 activation, which is significant for 

converting N2 into NH3. We further unveil the effect of d-orbitals of TM-center on NRR 

performance by comparing the NRR pathways on different single atom centers with different d-

orbitals configuration, which is of great importance for understanding the relationship between 

NRR performance and intrinsic property of TM-centers. 

Firstly, we synthesize defect-rich three-dimensional (3D) graphene based electrocatalysts 

and realize enhanced HER kinetics by increasing the amount of surface hydroxyl group of 

graphene. Our theoretical results confirm surface hydroxyl groups on the surface of graphene can 

effectively attract H2O clusters without external energy input, forming water-rich region near the 

cathode surface and constantly supplying H2O molecular for hydrogen evolution. Experimental 

results also indicate the HER kinetic of 3D graphene supported electrocatalysts show dramatic 

increase after crafting massive hydroxyl groups on 3D graphene via alkaline treatment. In addition, 

the increased water affinity induced by hydroxyl group modification should be the principle cause 

for enhanced HER performance. This surface modification strategy is beneficial to adjust 

interfacial pH environment and facilitate interfacial H2O supply, contributing to outstanding HER 

performance. 

Then, to overcome the weakness of powder-like electrocatalysts and realize efficient water 

splitting under high current density, we fabricate Fe-doped Ni2P on 3D stainless steel mesh to 
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serve as water splitting electrode. Robust OER performance and remarkable HER performance 

can be realized by controlling the content of Fe dopant in Ni2P matrix. High content of Fe dopant 

can bring about excellent OER electrode, meeting the requirements for commercial water 

electrolyzer. Ni2P with lower Fe impurity content shows great potential to achieve remarkable 

HER performance with prominent stability. Theoretical results unveil the inner mechanism of 

controllable water splitting performance induced by Fe dopant engineering, and improved O-

containing intermediates affinity induced by Fe doping is the main reason for enhanced OER 

performance. Interestingly, water molecule chemisorption on Ni2P surface is sensitive to the Fe 

content, reduced Fe content is more favorable for HER performance. This heteroatom modification 

strategy highlights the importance of surface-active Fe-sites, offering valuable guidance on 

electrocatalysts design towards water splitting. 

In addition, we manipulate the d-electrons configuration of active Pt sites via one-step 

sulfidation process and successfully realize high-efficient NRR performance. The DFT 

calculations predict, compared with metallic Pt surface, sulfurized Pt can greatly reduce the barrier 

for N2 activation and suppress the competing HER reaction. Our experimental also indicates the 

HER kinetics on PtS is more sluggish than metallic Pt, leading to reduced competing hydrogen 

evolution. More importantly, PtS can perform the NRR reaction under a lower overpotential than 

Pt, which is consistent with the theoretical analysis. This work not only reports an efficient 

electrocatalyst towards NRR reaction, but also proposes an effective strategy to modify the d-

orbitals of group-10 TM-centers for enhanced NRR performance. 

Finally, we propose a universal principle to screen NRR electrocatalysts by building up a 

picture of single atom electrocatalysts supported on PtS2 substrate. Binding strength of single atom 

on PtS2 substrate is the first criteria to evaluate the stability of designed eNRR catalyst. To predict 
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the competing cathode reaction, the selectivity of HER/NRR is then estimated by comparing the 

Gibbs energy of N2 adsorption and H* adsorption, respectively. Then, the NRR pathways of 

selected SACs-PtS2 are detailly investigated and corresponding barriers for limiting potential are 

also calculated. Ru-PtS2 is regarded as the most promising eNRR due to the excellent selectivity 

and reduced overpotential. We also establish the connection between NRR performance and 

intrinsic electronic structure of single atom center by introducing an intermediate parameter of N* 

binding strength of (△EN*). The limiting potential of NRR on SACs-PtS2 is linear correlated to 

△EN*, which is also proved to be closely related to the integral of density of unoccupied d orbitals 

states of the single atom center. This work provides an effective guidance to screen and design 

efficient single-atom electrocatalysts for NRR reaction. 

Based on above results, surface engineering strategies, including surface functional group 

modification, surface heteroatom incorporation, sulfidation treatment and construction of single 

atom electrocatalysts, are proposed in this thesis. Although efficient water splitting performance 

and enhanced NRR reduction can be successfully achieved, there is still some aspects to be 

improved. The efficiency of overall water splitting still needs to be optimized to meet the demand 

of practical application. Besides, the resistance to corrosion of electrode is also required to improve 

to apply the electrolysis technology into electrocatalytic seawater splitting. Finally, although the 

NRR performance exhibit dramatically promotion, the Faradaic efficiency of NRR is still low, 

which calls for more effective strategies to optimize the structure of cathode electrode for enhanced 

NRR efficiency.  
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