
 
 

 

 

Defects on Graphene for Hydrogen and 

Oxygen Electrocatalysis 

 

 

 

By 

Longzhou Zhang 

B.Eng. 

 

School of Natural Sciences 

Queensland Micro- and Nanotechnology Centre  

Griffith University 

 

Submitted in fulfilment of the requirements of the degree of  

Doctor of Philosophy 

 

March 2018



 
 



I 

 

 

Abstract 

Electrocatalytic energy conversion reactions as a branch of catalysis, are widely 

utilized in industry and continuously hot in academic research. Hydrogen evolution 

reaction (HER), oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) 

are among the most common reactions in electrocatalysis, which are applied in water 

splitting, fuel cells and zinc-air batteries etc. Normally, the ideal benchmark catalysts for 

HER, OER and ORR are noble metal based catalysts, such as platinum and iridium. 

However, the low storage and high cost of noble metal catalysts become the distinct 

barrier impeding the large-scale deployment. To develop a commercially affordable 

electrocatalyst with comparable activity to noble metal catalysts, a series of catalysts 

originated from the defective carbon emerged. These defective carbon catalysts (DCCs) 

not only exhibited high performances for electrocatalysis, but presented robust stabilities 

in the long term test under rigorous conditions from acidic media to alkaline media. With 

the aim to further promote the performance of DCC, I functionalized the carbon defects 

using a couple of methods, including trapping single metal atoms on the defective sites 

and hybridizing the defective graphene (DG) with exfoliated nickel/iron-layers doubled 

hydroxide (NiFe-LDH) sheets. The defects derived catalysts showed remarkable 

activities in the electrocatalysis, much superior to the corresponding noble metal catalysts. 

Moreover, the intrinsic nature of the high activity was investigated and the interactions 

between the defective sites and the activity was subsequently proposed. 

First of all, in previous studies, DCC was reported as a potential catalysts for ORR 

experimentally. However, the mechanism was still inexplicit, since the carbon defects 

had never been directly observed in those amorphous carbon catalysts. More evidence 
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and mechanism study were highly desired to bring defect catalysis to light. With this 

respect, I chose graphene as the precursor considering that defects could be witnessed on 

this two-dimensional morphology. Unexpectedly, DG prepared from pristine graphene 

was found to be tri-functional in HER, OER and ORR. The microscopic images 

confirmed the existence of the abundant defects on DG. The later Density Functional 

Theory (DFT) calculations further revealed that different types of defects showed 

different activities for HER, OER and ORR.  

Although the defective carbon catalysts exhibited superior activities among metal 

free catalysts, it is worth to note that, compared to noble metal catalysts, defective carbon 

catalysts are not competitive and hard to challenge the market place of noble metal 

catalysts (especially for HER and ORR). Functionalization of defective carbon with trace 

metal elements was a plausible strategy, not only improving the activities, but controlling 

the consumption of the unsustainable metal resources thereby the cost. Transition metal 

catalysts were found to possess high activities in the electrocatalysis. To this end, I 

dispersed the single nickel (Ni) atoms on the defective sites of DG, enhancing the HER 

and OER activities, as well as reducing the usage of Ni. The X-ray adsorption 

characterization and the DFT calculation revealed that the diverse defects on graphene 

can induce different local electronic densities of state (DOS) of atomic Ni, which suggests 

that atomic Ni@Defect serving as active sites appealing to unique electrocatalytic 

reactions. As examples, atomic Ni@G585 is responsible for OER, while atomic 

Ni@G5775 activates HER. The derived catalyst exhibits exceptionally excellent 

activities for both HER and OER, e.g. an overpotential of 70 mV at 10 mA/cm2 for HER 

(similar to the commercial Pt/C), and 270 mV at 10 mA/cm2 for OER (much superior to 

Ir oxide). To facilitate the ORR activity of defective carbon catalysts, I fabricated a Pt/Co 

single atoms co-trapped carbon catalyst (A-CoPt-NC), which showed profoundly high 
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activities in ORR and HER, both outperforming commercial Pt/C catalyst. In common 

sense, atomically deployed Pt catalyst displayed a high selectivity of 2e- transfer pathway 

in ORR. On the contrary, the catalyst we developed showed a high selectivity of 4e- 

transfer pathway, which was resulted from the unique locally distributing strategy of the 

metal atoms. DFT calculations revealed that the electronic structure, especially the d 

orbital fillings and charge distribution around the metal atoms, was significantly impacted 

by the coordinated nitrogen/carbon atoms and other adjacent metal atoms. This alteration 

contributed to the high activity and selectivity of the catalyst. Besides manipulating single 

metal atoms on the defective carbon materials, coupling DG with NiFe-LDH is another 

method to enhance the activity. The coupled DG/NiFe-LDH was found to be extremely 

active in HER and OER. DFT calculation demonstrated that the heterogeneous coupling 

leaded to the charge redistribution on the surface of DG and NiFe-LDH, resulting to the 

holes accumulation on the NiFe-LDH and electrons accumulation on the DG, thereby 

enhancing the HER activity of DG and OER activity of NiFe-LDH simultaneously.   

In summary, this thesis mainly focus on two topics, one is the characterizations 

and reaction mechanism of carbon defects, and the other one is modification of carbon 

defects to achieve higher activities but with low cost.   
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CoPt-NC and Pt/C in 1 M KOH electrolyte. e, The comparison of the overpotential needed to 
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1.1 Introduction 

Application of water splitting and fuel cells by some imperative gas-involving 

energy electrocatalysis including hydrogen evolution reaction (HER), oxygen evolution 

reaction (OER) and oxygen reduction reaction (ORR), is essential in the modern society 

since it is tightly associated with energy production and transformation. Compared to 

conventional fossil fuels, hydrogen is environmentally friendly (without the release of 

greenhouse gases) and sustainable (generated by HER). Besides, oxygen involved 

electrocatalysis is significant in many realistic energy transformations, such as ORR for 

fuel cell, and ORR and OER for metal-air battery. The deployment of such a green 

industry sheds light on resolving the energy crisis and environmental pollution caused by 

consuming traditional fossil fuels.  

The biggest obstacle hindering the large-scale deployment of HER, OER and 

ORR in industry is the high cost of the catalysts. To activate an electrocatalytic reaction, 

catalysts are indispensable. Currently, the benchmark catalysts are noble metals, such as 

Pt for HER and ORR, Ir or Ru for OER. The high cost and low abundance of noble metals 

make the electrocatalysis uncompetitive and unsustainable. For example, the cost of the 

Pt in the fuel cell stack accounts for 50% of the total cost of fuel cell system during 

scalable production.1 Herein, if a low cost alternative catalyst is developed, fuel cells 

would be more competitive compared to traditional fossil fuel engines. To cross this 

threshold and enable the electrocatalysis more competitive, a more affordable and 

adequate catalyst with considerable activity is highly desired.     

The probable alternatives of Pt with low cost have been intensively investigated, 

which can be summarized into two categories: (1) transition metal based materials, (2) 

metal-free materials. Mo, Fe, Co, Ni, etc., together with their alloys/compounds are 
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extensively studied for electrocatalysis. To date, numerous papers have been focusing on 

the transition metal based materials, which are well reviewed.2-4 Metal-free materials as 

a relatively new frontier show great potential in electrocatalysis. Unlike metal containing 

materials, it possesses good resistance to corrosion and passivation in the acidic proton 

exchange membrane fuel cells (PEMFC).5, 6 Nanocarbon materials, especially graphene 

and carbon nanotubes, are the predominant substitutes in the research of metal-free 

catalysts. Usually, heteroatoms such as N, P, B and S are doped into carbon structures to 

promote the electrocatalytic activities.2 Density function theory (DFT) calculations 

indicate that heteroatoms doping can alter the charge and/or spin distribution of the sp2 

carbon lattice, which can facilitate the specific reaction steps in electrocatalysis. Since the 

heteroatoms doping process also induce the topological defects on the carbon matrix, 

hence the activity could also be contributed from the carbon defects. With this respect, 

great research interests have been devoted into uncovering the nature of the defect 

catalysis and developing highly active defective nanocarbon based catalysts for 

electrocatalysis by proof-of-concept investigations.7 

To obtain an ideal detects based catalyst, the reaction mechanism should be 

investigated in order to guide material fabrications. Thus, a short introduction of the 

mechanism on the electrocatalysis from the perspective of thermodynamic and kinetic 

will be given in this chapter. These two parameters, thermodynamic and kinetic, are 

essential to understand the mechanism of electrocatalysis and provide us instructions for 

the synthesis of catalysts. Then, I will give a brief review on the development of defective 

carbon catalysts for HER, OER and ORR, as well as the functionalization of carbon 

defects, which further enhances the activities.  
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1.2 Catalytic Origins of Electrocatalytic Reaction 

In the electrocatalysis, two major issues are critical to evaluate the activities of 

catalysts. One is thermodynamic condition, which determines whether the reaction can 

proceed or not. In a typical multi-step energy profile, the free energies of reactant and 

product are equal under the equilibrium potential, which means that under this potential 

the forward reaction rate is equal to the backward reaction rate. At equilibrium potential, 

the uphill energy in the pathway curve indicates the endothermic elementary reaction, 

thereby a non-spontaneous reaction. Then, it needs bias voltage to shift up the free energy 

of reactant, thus waive the uphill to make the reaction spontaneously. The elementary step 

with the largest uphill energy is called potential determine step and the bias voltage given 

is called onset potential. Onset potential is the lowest overpotential (η), which alters the 

free energy changes of all the elementary reactions into down stairs, therefore tuning the 

reaction energetically favourable.  

The other major issue is the kinetic condition, which determines how fast the 

reaction can proceed. According to Arrhenius equation (Eq. 1.1), the reaction rate 

constant is correlated to the activation energy. k is the rate constant, T is the absolute 

temperature, A is the pre-exponential factor, 𝐸𝑎  is the activation energy and R is the 

universal gas constant. In the multi-step reaction, the activation energy of the whole 

reaction is the largest free energy difference (energy barrier) between the transition state 

and reactant or former intermediate among all elementary reactions. A smaller activation 

energy will result in the larger reaction rate. The reaction rate of the whole multi-step 

reaction should compromise to the slowest elementary reaction. Herein, the slowest step 

is named as the rate determine step (RDS), which exhibits the largest energy barrier in 

the reaction coordinate. 
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k = A𝑒−
𝐸𝑎
𝑅𝑇 (1.1)  

To design an optimal electrocatalyst rationally, both the thermodynamic condition 

and kinetic condition should be considered. In some circumstances, simulations indicate 

that one reaction pathway of the multi-step reaction is energetically favourable with a 

small overpotential, but in fact the reaction is nearly impossible to proceed under this 

potential. It is because the kinetic condition is neglected. Since activation energy of this 

reaction pathway is large enough to impede the whole reaction, at this onset potential, it 

could not get satisfied reaction rate. In this case, the reaction may go through another 

pathway with larger overpotential but smaller activation energy. This circumstance 

appeared in my experiments, which will be discussed in details in Chapter 6.  

1.2.1 Thermodynamic Conditions  

When we analyze an electrocatalytic reaction from the perspective of 

thermodynamics, especially for a multi-step reaction, the definition of intermediates and 

transition states need to be distinguished. In a multidimensional reaction coordinate space 

(Fig. 1.1a), the realistic proceeded two-dimensional reaction coordinate is just a slice in 

the whole space, through the saddle points to the product. In this space, the saddle points 

represent transition states and the valleys represent the intermediates. Another distinct 

difference between the transition state and intermediate is that the intermediates do exist 

in the reaction although the life time maybe as short as several nanoseconds and they can 

be isolated. On the contrary, the transition state only indicates the energy difference 

between the reactant and the transition state which itself cannot be isolated and does not 

reflect on the energy profile.   
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Figure 1.1. (a) The multidimensional reaction coordinate space. (b) The energy profiles 

of a catalyst for OER under different potentials vs RHE. They were calculated in an 

alkaline solution with a pH of 14. 

 

In the free energy profile of an electrocatalytic reaction, the uphill with the largest 

free energy difference determines how much overpotential is required to activate the 

reaction. From the atomic perspective, each elementary reaction involves the breaking of 

old bonds and the formation of new bonds. The binding energy of the adsorbate should 

be in a rational range to promote the reaction. A strong interaction between the adsorbate 

and the catalyst will lead to a large dissociation energy during desorption. Similarly, a 

weak interaction between the adsorbate and the catalyst will lead to a large adsorption 

energy. The relation between binding energy and activity was elucidated by the famous 

volcano plots, which can also be explained by Sabatier principle. Although it is empiric, 

but this relationship is well consistent to the experimental results. Fig. 1.2 shows the 

volcano plots for HER8, OER9 and ORR10, respectively. It clearly shows that the H 

adsorption energy, O adsorption energy and the differences between O adsorption energy 

and OH adsorption energy are associated with the activities of HER, OER and ORR, 
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respectively, acting as the descriptors of the performance. Nevertheless, the adsorption 

energy is an abstract parameter and usually obtained from the density functional theory 

(DFT) calculations. Since this parameter is unable to guide the catalysts design, the 

descriptors directly presenting the structures of catalysts are highly desired. 

 

Figure 1.2. (a) HER activity as the function of H adsorption energy.8 (b) ORR activity 

plotted against O adsorption energy.9 (c) OER activity as the function of the difference 

between O adsorption energy and OH adsorption energy.10 

   

The intrinsic factor determining the covalent binding strength between the 

catalysts and adsorbates is the occupancy of the formed antibonding state. The more 

electrons filled in the antibonding state will lead to a weaker binding strength, thus a right 

shifting in the volcano plots, and vice versa. Herein, understanding the valence electron 

orbitals or band of the catalysts, which participate in the σ-bonding with the adsobates 

(H*, O* etc.) is of great significance to understand the catalytic mechanism and design 

the optimal catalysts. As we all know, the electrocatalysts for HER, ORR and OER can 

be roughly classified into two categories. One is metal-based catalysts, such as noble 

metals and their alloys, transition metal oxides and metal complexes. The other one is 

metal free catalysts, represented by the functionalized graphene (doping or defect 

engineering). The valence electron in an adsorbate state of metal-based catalyst is the d 
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electron (3d electrons for transition metals, 4d and 5d electrons for noble metals), whilst 

it is p electron for metal free catalysts.  

For metal-based catalysts, the filling of d band is vital to determine the binding 

strength with the adsorbates. The elements with the full filled d electrons, such as Cu, Ag 

and Au, will result in a richly filled anti-bonding state after interaction with adsorbates, 

thus a weak binding strength, which are on the right part in the volcano plots.11 Based on 

this comprehension, Hammer et al. firstly proposed d band center (εd) versus Fermi level 

as the descriptor, associated with the electrocatalytic activity. Different electron fillings 

of the d band leading to the different positions of εd, eventually influence the antibonding 

orbital shown in Fig. 1.3a and 1.3b. According to DFT calculations, the d band centres of 

the metals showed a well-fitted linear relation with the corresponding binding energy of 

oxygen (Fig. 1.3c).12  

This d band centre descriptor not only can elucidate the reaction mechanism of 

the given catalysts, but also extensively used for the design of alloy catalysts and metal 

catalysts with heteroatoms doping. Since d band is formed by the hybrid of numerous d 

orbitals, altering the crystal parameters will change the superposition of d orbitals, thereby 

tuning the position of εd. For example, when tensile strain is induced to the Pt catalysts 

by substituting some Pt atoms with smaller metal atoms such as Ni atoms, the average 

distances between the adjacent Pt atoms increase and the overlapping of d orbitals 

decreases. Then it reduces the width of the d band. To maintain the constant electron 

filling of d band, εd is required to shift up relative to Fermi level shown in Fig. 1.3d. 

Herein, manipulating the strain in the metallic catalysts is proved to be a viable strategy 

to tune the electrocatalytic performance of the catalysts, which has been well reviewed 

by Luo et al.13 
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Figure 1.3. (a) The scheme of d band coupling with the adsorbate bonding orbital. (b) The 

demonstration of a lower d band center attributed to the smaller filling, coupling with the 

adsorbate bonding orbital. (c) The fitting curves of the calculated oxygen adsorption 

energy with d band center12. (d) The illustration of the change of d band center when 

tensile strain is induced to the catalyst. 

 

Based on the fundamental study of d band theory, much more specific descriptors 

were proposed. In metal oxides, the d band of the centre metal atoms split into two 

degenerated orbitals: doubly generated eg orbital and triply degenerated t2g orbital. The 

σ-bonding eg orbital fits well with the energy level of adsorbate valence electrons. On the 

contrary, π-bonding t2g shows a much smaller overlapping with the adsorbate, which 

contributes to the nonbonding orbitals of the covalent bonds. Suntivich et al., proposed 

that the filling of metal eg orbital in the metal oxides features the binding strength better 

compared to the fill of d band, ascribing to the eg orbital plays a more critical role than 
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the t2g orbital in the adsorption.14 Besides eg filling, other descriptors, such as 

metal−oxygen covalency,15 oxidation state,16 transition-metal redox couple and electrical 

conductivity,17 were reported continuously. All these descriptors do reflect the binding 

strength to some extent. To address the ambiguities of these descriptors, Hong et al. 

conducted meta-analysis focusing on 14 descriptors of perovskites for OER.18 It was 

found that the number of d electrons and charge-transfer energy (covalency) are the two 

most relevant descriptors.  

Compared to the studies of activity descriptors on metal-based catalysts, related 

studies on metal free catalysts are still very rare. The biggest difficulty is the lack of 

enough experimental results for quantitative analysis, since metal free catalysts are the 

newest frontier in the electrocatalysis. Besides, although graphene is frequently used as 

the precursor for further functionalization to be electrocatalytically active, the quality of 

graphene is various (thickness, the fraction of surface functional groups, density of 

intrinsic defects et al.), leading to the normalization of the activity could hardly be 

conducted. As a result, for metal free catalysts, the assumptions of descriptors could only 

be sketchily proposed.  

The most plausible descriptor seems to be the valence band centre, analogous to 

the d band centre for metals. Considering valence band of graphene taking part in the 

bonding with adsorbates, the occupancy of valence band is possible correlated to the 

adsorption energy of the adsorbates. However, compared to metals or alloys, the 

electronic structure in the decorated graphene (heteroatoms doped or defects engineered) 

is more localized, due to the heterogeneous functionalization. Hence, in the mechanism 

study of metal free catalysts, we take more attentions on the isolated active sites instead 

of the bulk catalyst species. Jiao et al., proposed that the position of the highest peak of 

the active sites in DOS spectra (Ep) is the descriptor of activity for heteroatoms doped 



Chapter 1 

11 
 

graphene in HER.19 While for ORR, the best descriptor is the difference between the 

lowest valence orbital energy of the active site and the Fermi level (Ediff).
20 It is worth to 

note that both Ep and Ediff are tightly associated with the valence orbital center (ευ). The 

former one is strongly and positively related to ευ, and the later one is the half value of ευ. 

Therefore, we can roughly assign the descriptor for graphene based catalysts to the 

valence orbital centre. 

1.2.2 Kinetic Conditions 

As aforementioned, the reaction rate constant is related to the activation energy 

according to the Arrhenius equation. In the simple one-step reaction, the energy barrier 

will be changed simultaneously with the Gibbs free energy when overpotential is added, 

thereby the potential determine step is the rate determine step. Brønsted−Evans−Polanyi 

(BEP) relationship discloses that the energy barrier is associated with the enthalpy change 

of the elementary reactions.21, 22 Together with the free energy shift by the induced 

overpotential, we can easily get the deduction that the overpotential is able to reduce the 

energy barrier, thereby lower the activation energy. Hence, increasing the overpotential 

not only makes the whole reaction energetically favourable, but accelerates the reaction 

rate.  

However, in the multi-step reactions, the largest energy barrier step is usually not 

consistent to the largest free energy uphill step. Fig. 1.4 shows the free energy profile and 

the reaction energy diagram of edged pentagon defect (D5, the structure was inset in Fig. 

1.4a) for ORR.23 It could be clearly seen that the step with the largest uphill energy in Fig. 

1.4a is the disruption of O-O bonds, which is critical to endow the 4e- transfer pathway 

in ORR, whilst the step with the largest energy barrier in Fig. 1.4b is the desorption of 
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OH*. This comprehension well explains why some catalysts exhibit small overpotentials 

but slow kinetics.  

 

Figure 1.4. (a) The free energy profiles of D5 for ORR under different potentials vs RHE. 

The matrix structure of D5 was inset. (b) The reaction energy diagram of D5 for ORR.23 

 

From the experimental perspective, Tafel slope reflects the kinetics dynamically 

under different potentials. To investigate the quantitative interactions between the Tafel 

slope and the kinetic constant, the free energy versus reaction coordinate of a simple one-

step reaction is studied, shown in Fig. 1.5. The lower orange curve is at equilibrium 

potential (E0) and the upper orange curve is at the potential of E, thus the overpotential is 

η (E-E0). The activation energy change from the equilibrium state to the potential biased 

state is proportional to the corresponding Free energy change, shown as in Eq. 1.2. 

𝐸𝑎 − 𝐸𝑎0 = 𝛼𝑧𝐹(𝐸 − 𝐸0)   (1.2)  

Ea  and Ea0  are the activation energy when the reaction proceeded under the 

potential of E and E0, respectively. z and F are the electron transfer number and Faradic 

constant. α is the transfer coefficient, which reflects the symmetry of the forward reaction 

curve and backward reaction curve in the energy diagram. The theoretical Tafel slope (b) 
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can be descripted by Eq. 1.3. Then take Eq. 1.3 into Eq. 1.2 to eliminate the transfer 

coefficient α, we can get the relationship between the Tafel slope and activation energy 

Ea as shown in Eq. 1.4. 

b =
−2.3𝑅𝑇

𝛼𝐹
   (1.3) 

𝐸𝑎 = 𝐸𝑎0 −
2.3𝑧𝑅𝑇(𝐸−𝐸0)

𝑏
 (1.4) 

Take Eq. 1.4 into the Arrhenius equation, the relationship between the Tafel slope 

and reaction rate constant at a given potential of E could be obtained as shown in Eq. 1.5. 

𝑘 = 𝑘0 ∗ 10
𝑧(𝐸−𝐸0)

𝑏  (1.5) 

Eq. 1.5 shows that the Tafel slope could accurately reflect the kinetics, which is 

very critical in the mechanism study of the multi-step electrocatalytic reactions.  

 

Figure 1.5. The illustration of activation energy change when an overpotential of η is 

induced. 
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In the realistic reaction, besides the kinetics controlled by the activation energy, 

the kinetics relied on mass transfer should also be considered. Fig. 1.6 shows the realistic 

hydrogen evolution reaction proceeded on the electrode surface. The horizontal dash line 

divides the electrolyte into two parts: one is the bulk phase of electrolyte and the other is 

the interphase region. Normally, the bulk phase of electrolyte is recognized as 

homogenous and isotropy, which means that ions and gas molecular distribute uniformly 

in this region. While it is another story for the interphase region, there is a concentration 

gradient of reactants and products caused by the consumption of reactant and 

simultaneous evolution of products. The mass transfer between bulk phase of electrolyte 

and the interphase region mainly relies on migration (driven by electric field), diffusion 

(driven by concentration gradient) and convection (driven by stirring). It is usually 

quantitatively expressed by Poisson-Nernst-Planck equation.24 The reaction mechanism 

in the interphase region can be depicted by electrode kinetics. In some reactions such as 

oxygen reduction reaction, mass transfer restricts and determines the maximum current, 

thus a plateau of current curve will exist. In the reaction of hydrogen evolution, the mass 

transfer is fast enough compared to electrode kinetics. Herein mass transfer is not the rate 

determine step for hydrogen evolution, thus we will neglect the influence of mass transfer 

in the discussion of HER. 
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Figure 1.6. The schematic of reaction pathway near the catalytic interphase between 

electrolyte and catalyst for hydrogen evolution reaction.  

 

Here, I take the most common situation, stuff A transforms to stuff B, as an 

example to introduce the electrode kinetics calculations of HER. In this section, some 

catalytic terms will be referred and elucidated, which will be much helpful to make a clear 

and basic understanding of electrocatalysis in the following paragraphs.  

Fig. 1.6 shows the schematic of reaction pathways. Here, three equations can be 

used to depict the whole reaction cycle, 

 (1.6) 

  (1.7) 

1
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A # A #

k

k

 

2

2

A # B#
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 (1.8) 

In the above equations, # is denoted as the active sites on the surface of a catalyst, 

𝑘𝑖 and 𝑘−𝑖 are the forward and backward rate constants, while A and B are the reactant 

and product, respectively. In the first step, A is firstly absorbed on the surface of the 

catalyst and occupies some active sites, forming A#. Then A# transforms to B#. At last, 

the product B dissociates from the catalyst surface. The reaction rate expressions are 

showed below, 

rate I = 𝑘1[A]θ# − 𝑘−1θA  (1.9) 

rate II = 𝑘2θA − 𝑘−2θB    (1.10) 

rate III = 𝑘3θB − 𝑘−3[B]θ# (1.11) 

θ# is the fraction of unoccupied active sites, whilst θA and θB are the fractions of 

active sites occupied by A and B, respectively. [A] and [B] are denoted as the 

concentrations of A and B. It can be seen that there are three elementary reactions for the 

whole reaction and each of them possesses separate reaction rate. These three reactions 

are dynamically continuous. The product of former reaction will be the reactant of the 

subsequent reaction. There should be a RDS controlling the whole reaction rate, and it 

may probably be any of the three elementary reactions. Thus three situations can be 

established, the rates of which are controlled by Eq. (1.9), (1.10) and (1.11), respectively.   

a. Rate controlled by absorption 

In this situation, the kinetics of absorption is very slow that dominates the whole 

reaction. We assume that the reaction (1.7) and (1.8) reach the state of equilibrium, and 

the reaction rates are equal to zero. Then we can get, 

3

3

B# B+ #

k

k
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θA =
𝑘−2𝑘−3

𝑘2𝑘3
[B]θ# (1.12) 

Substituting this value into Eq. (1.9). 

rate I = 𝑘1[A]θ# −
𝑘−1𝑘−2𝑘−3

𝑘2𝑘3
[B]θ# (1.13) 

b. Rate controlled by A# to B# 

In this situation, the kinetics of absorption and desorption is fast enough to ensure 

plenty of A# and dissociate B#. We hypothesize that the reaction (1.6) and (1.8) reach the 

state of equilibrium, and the reaction rates are zero. Then we can get, 

θA =
𝑘1

𝑘−1
[A]θ# (1.14) 

θA =
𝑘−3

𝑘3
[B]θ# (1.15) 

Substituting these values into equation (1.10). 

rate II =
𝑘1𝑘2

𝑘−1
[A]θ# −

𝑘−2𝑘−3

𝑘3
[B]θ# (1.16) 

c. Rate controlled by desorption 

In this situation, the kinetics of desorption is the rate determining step. The slow 

rate of desorption will hinder the formal reaction steps. We suppose that the reaction (1.6) 

and (1.7) reach the state of equilibrium, and the reaction rates are zero. Then we can get, 

θB =
𝑘1𝑘2

𝑘−1𝑘−2
[A]θ# (1.17) 

Substituting this value into Eq. 1.11. 

rate III =
𝑘1𝑘2𝑘3

𝑘−1𝑘−2
[A]θ# − 𝑘−3[B]θ#  (1.18) 
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From the above three situations, it is noteworthy that θ# is a key parameter of the 

catalytic reaction, which follows a linear correlation to the reaction rate. It is very easy to 

comprehend that the more reaction active sites exposed, the faster the reaction rate will 

be. Herein, to design a state-of-the-art catalyst, structural modifications to gain more 

active sites need to be emerged. 

1.3 Defective Carbon Catalysts in Electrocatalysis 

Nanocarbons and their derivates are the optimal precursors to fabricate 

electrocatalysts due to their high surface areas, low cost and rich abundance. Since perfect 

nanocarbon materials with sp2 carbon atoms, such as graphene and graphite, are sluggish 

in the electrocatalysis, surface modifications were conducted to make them active. 

Heteroatoms doped nanocarbon has been widely used in HER, OER and ORR. However, 

although the reaction mechanism seems to be elucidated by the DFT calculations, there 

are still some issues to be addressed. (i) With the DFT calculations, it is plausible to 

distinguish the performance of different heteroatoms doped, even co-doped carbon 

catalysts. However, the calculated results, to a large extent, relied on the models 

constructed. For example, for N, P co-doped graphene, the configurations of the locations 

of N and P could be varied. Each configuration will lead to a specific free energy profile. 

Herein, it is not appropriate to determine which heteroatom doping is with the best 

performance among the doped carbons. (ii) Heteroatoms doping, as a structure 

modification method for carbon materials, disrupts the original carbon lattice and induced 

the heteroatoms. During the doping treatment, for example, pyrolysis with the heteroatom 

source, it reaches the thermodynamic equilibrium state under the doping temperature that 

the nitrogen doped rate is equal to the nitrogen removed rate on the graphene lattice. In 

other words, the heteroatoms doping procedure not only induces the heteroatoms, but also 

generates the lattice defects on the carbon catalysts. The defects density can be directly 
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characterized by the ratio of ID/IG from the Raman spectra. After the heteroatoms doping, 

the ID/IG increased apparently, indicating the generation of defects during doping.25 Since 

the defects and the heteroatoms are co-existed in the catalysts, it is difficult to determine 

whether the activity is originated from the heteroatoms or the defects or both of them. 

Theoretically, carbon lattice defects are capable of tuning the electronic structure, 

including opening the band gap and shifting the valence band26, which may influence the 

activity in the electrocatalysis as well. 

Considering the controversial issues of doped carbon catalysts discussed above, 

defects catalysis has drawn more and more attention in ORR, OER and HER. Lattice 

defects in nanocarbon structures are generated by the atomic reconstruction in carbon 

structures. In this chapter, vacancy defects and Stone-Wales defects are taken into 

consideration. Vacancy defects (e.g. D59 and D585) are evolved by several carbon atoms 

being removed from their original positions. The adjacent carbon atoms will change the 

bonding geometry around the vacancy to reach the lowest energy state. The Stone-Wales 

defects (e.g. D7557 and D5775) are generated by the rotation of C-C bonds and 

subsequently form non-hexagonal carbon rings (e.g. pentagons, heptagons and octagons) 

without losing any carbon atoms. Owing to the breakage of the electron-hole symmetry 

in defective regions, it is undoubted that the deformed electronic structure can 

significantly enhance/weaken the chemisorption of small groups on the defective area, 

which could alter the activities for specific catalytic reactions.  

1.3.1 The Advances of Defective Carbon Catalysts 

The electrocatalytic activities of the catalysts are governed by the electronic 

structure of the surface of the catalysts in both thermodynamic and kinetic perspectives. 

Defects engineering is an efficient method to tune the electronic structure of the graphene, 
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which was predicted by the DFT calculations.27-30 Nordlund et al. reported that three types 

of defects, including vacancy, interstices and adatoms, would be generated on the graphite 

after the ion irradiation through molecular dynamics simulation.31 The dominant defect 

is vacancy, which alters the partial charge density originated from the valence states, is 

enhanced at the defective sites. Since the defects induce localized states near the defective 

area which could be the active sites for catalysis, great attentions have been focused on 

the study of partial density of states (PDOS) for the 2p orbitals of carbon atoms at the 

defective sites. Specifically, three typical defects in graphene have been in-depth studied 

as shown in Fig. 1.7a-1.7c. D59 and D585 are monovacancy defect and divacancy defect, 

respectively, while D5775 is a Stone-Wales defect. According to the fact that only 

electrons in Pz orbital participate in the formation of covalent bonds with the adsorbates, 

we focus on the state density of Pz marked with the red line in the PDOS patterns. In the 

PDOS of D59 showed in Fig. 1.7d, the sharp state density increases to around the Fermi 

level for C1, C3, C5 and C7, shifts up the position of the whole valence band, thereby the 

ευ. The up-shifted ευ will lead to the stronger binding strength with adsorbates. The same 

deduction could be obtained on C1, C2, C4 in D585 (Fig. 1.7e) and C1 in D5775 (Fig. 

1.7f). As aforementioned, since ευ is an efficient descriptor of the electrocatalytic 

activities, the tuned ευ attributed to the generation of defects will eventually adjust the 

catalytic capabilities of the carbon catalysts. Apart from the types of defects, the 

concentration of defects also influence the electronic structure. Hjort et al. used Hückel 

method to study the interactions between the concentration of defects and the positions 

of valence band.32 It was found that the increasing amount of defects would result to the 

up-shifting of the valence band versus the Fermi energy. Interestingly, if the defects were 

hydrogenated, it showed the contrary relationship.   
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Figure 1.7. (a)-(c) The atomic structure of (a) D59, (b) D585 and (c) D5775. (d)-(f) The 

partial density of states (PDOS) for the 2p orbitals of carbon atoms in D59, D585 and 

D5775 respectively.28 

 

However, whether such modification of the electronic structure derived from 

defect engineering is experimentally favorable to the electrocatalysis is still uncertain. 

With this respect, many research groups are dedicated in this area and spare no effort to 

investigate the interactions between the carbon defects and catalytic performances. Our 

group reported a defects-rich carbon as an effective catalyst for ORR (Fig. 1.8).33 Defect 

G585 (Fig. 1.8a), as the stable di-vacancy type of defect was applied as the model for the 

DFT calculations. It shows that the uphill energy for G585 is the lowest compared to 

pristine graphene and nitrogen doped graphene, demonstrating a smaller overpotential 

required for G585 to activate ORR (Fig. 1.8b). To verify this deduction experimentally, 
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a kind of defective carbon was fabricated by removing the nitrogen in a nitrogen doped 

carbon. The Raman spectra indicate that the defect density of defective carbon was 

increased when the nitrogen removing temperature was increased (Fig. 1.8c). The 

defective carbon with the nitrogen removal temperature of 1000 °C presented the highest 

defect density and exhibited the highest activity in the LSV curve, revealing that the 

enhanced ORR activity was ascribed to the increased amount of carbon defects (Fig. 1.8d). 

Importantly, the carbon defects are more active than the nitrogen doped graphene, paving 

a profoundly novel avenue for the rational design of metal free electrocatalysts. This 

dopants-removal strategy to generate defects on the graphene was also performed on the 

carbon nano tubes (CNTs). The defective CNTs obtained by removing the surface CO 

functional groups exhibited higher activity than that of the pristine CNTs for ORR.34 

     

Figure 1.8. (a) The illustration of defect G585 in carbon matrix. (b) The free energy 

profiles of pristine graphene (G), nitrogen doped graphene (N-G), defective graphene 
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(G585) and ideal catalyst for ORR in alkaline media. (c) The Raman spectra of defective 

carbons annealed under 700, 800, 900 and 1000 ℃. (d) The LSV curves of defective 

carbons annealed under 700, 800, 900 and 1000 ℃ for ORR in the alkaline media.33 

 

Afterwards, a series of researches regarding defect catalysis were reported. Zhang 

et al. conducted DFT calculations for different types of defects on the graphene and found 

that the pentagon rings at the zigzag edge and G585 chains showed the comparable 

activity to that of platinum.23 Jiang et al. reported that the carbon nanocage with rich 

defects could enhance the electron transfer for OOH* in ORR, resulting in a better activity 

than the N doped carbon nanotubes.35 They also investigated the energy profiles of four 

types of carbon defects shown in Fig. 1.9a and 1.9b. The theoretical onset potentials of 

pentagon and zigzag were agreed well with the practical onset potential of carbon 

nanocage (Fig. 1.9c), indicating these two types of defects predominantly contributed to 

the high activity of carbon nanocage.35 Tao et al. reported that the edge-rich graphene 

showed high activity for four electron transfer pathway in ORR, which suggested the 

important role of carbon edges for efficient ORR without any dopants.36 Jin et al. 

synthesized  graphene quantum dots supported by graphene nanoribbons as an ideal metal 

free catalyst for ORR that exhibited comparable activity to that of the commercial Pt/C 

catalyst, attributed to the abundance of defect on graphene quantum dots.37 
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Figure 1.9. (a) The illustration of four types of lattice defects. (b) The free energy profiles 

of different types of defects for ORR. (c) Theoretical onset potentials of different defects 

and the practical onset potential (0.11 V) of defective carbon nanocage.35  

 

Tang et al. also reported that the topological carbon defects not only could 

enhance the ORR performance but also promoted the OER activity, which is a promising 

candidate to be utilized for zinc-air battery applications.38 The DFT calculations (volcano 

plots) revealed that defect C5+7 (Fig. 1.10a) is the most optimal catalyst for both ORR 

and OER with the lowest overpotentials (Fig. 1.10b). The experimental results of the LSV 

tests (Fig. 1.10c) also confirmed the high activity of GM, which is rich in defects but 

without any heteroatoms.  
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Figure 1.10. (a) The illustration of different carbon defects. (b) The ORR and OER 

volcano plots of overpotential versus adsorption energy of OH* for different carbon 

defects. (c) The ORR and OER LSV curves of nitrogen doped graphene mesh (NGM), 

undoped graphene mesh (GM), nitrogen doped graphene (NG), Pt/C and Ir/C in 0.1 M 

KOH electrolyte.38 

 

Various defective carbons echoed the carbon defect catalysis, including the 

defective Zn-removed MOF39, defective activated carbon7 and defective CNTs40, 41. 

However, despite the extensive theoretical comprehensions of carbon defect catalysis 

were reported continuously recently, the amount of defects was only able to be deduced 

from the Raman spectra. More evidences are highly desired to interpret the underlying 

mechanism of the defect catalysis, especially the configurations of the defects, since 

different defects contribute differently to a typical electrocatalytic reaction.  

1.3.2 The Functionalization of Defective Carbons 

The defective carbons shed light on the design of dopant free carbon catalyst for 

HER, OER and ORR. However, the current activities of defective carbons are still 

relatively low compared to those of unbeatable commercial noble metal catalysts. To 

further improve the performance of defective carbons, the electronic structure 
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modifications of defective carbons have never been suspended. The dominant 

modification methods could be roughly classified into two categories, non-metal atoms 

doping and atomic metals doping.  

Non-metal atoms doped into the defective carbons mainly involves nitrogen27, 28, 

42, phosphorous43 and boron44 atoms. It was found that the formation energy for 

heteroatoms being doped on the defective graphene is lower than that for the pristine 

graphene according to Hückel's rule, indicating that it is more energetically favorable for 

heteroatoms to substitute the carbon atoms on the defective areas.27, 44, 45 Fig. 1.11a shows 

that the nitrogen dopants at monovacancy and D585 are quite stable with low adsorption 

energy.27 Furthermore, Fig. 1.11b indicates the monovacancy and D585 defects are more 

energetically favorable for nitrogen doping compared to the prefect graphene (the black 

dashed line represents the adsorption energy for the prefect graphene). The band 

structures of D585 with four nitrogen dopants (Fig. 1.11c and 1.11d) present that the σ 

antibonding state are occupied and shifted down under the Fermi energy and the π state 

is shifted up above the Fermi energy.28 The simulated STM images (Fig. 1.11e) further 

reveal the unpaired σ state is mostly confined within the graphene plane. We can deduce 

that in the electrocatalytic reactions, the π state will be filled by the electrons due to the 

bias voltage or from the adsorbates. Then the up-shifted valence band comprised by the 

newly filled π electrons will significantly enhance the interplays between the catalyst and 

the adsorbates. Furthermore, the curvature around the nitrogen doped Stone-Wales defect 

was proposed to be another key parameter to tune the ORR performance.42  
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Figure 1.11. (a) The formation energy of N doped on different defects plotted as the 

function of the number of substitutional N atoms. (b) The formation energy of ith N atom 

doped on different defects and perfect graphene (the dashed horizontal line) versus i (i-1 

N atoms have been previously doped).27 (c) The illustration of four nitrogen dopants on 

the D585 defect. (d) The band structures of D585 with four nitrogen dopants. Green solid 

and red open points represent the π state and σ state derived from the N 2pz and 2px+2py 

respectively. (e) The simulated STM images of D585 with four nitrogen dopants under 

different bias voltages.28  

 

Since the heteroatoms prefer to be trapped on the defective sites, the more defects 

created the more heteroatoms will be doped. A simple method creating more defects were 

proposed through H2O2 oxidation as shown in Fig. 1.12a.46 After the H2O2 treatment, 
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graphene quantum dots were digged out from the graphene plane and holes appeared. The 

edges of these holes were rich in defects and played as the adsorptive sites for nitrogen. 

Fig. 1.12b shows the ORR performance of NpGr-72 (72 is the oxidation time (hours)). 

Compared to NGr, NpGr-72 exhibited a much superior activity with an onset potential of 

-0.07 V, attributing to the ample adsorptive sites for nitrogen. In the real anion exchange 

membrane fuel cell (AEMFC) performance test (Fig. 1.12c), NpGr-72 presented an open 

circuit potential (OCP) of 0.82 V, exceeding to that of NGr which is 0.73 V. Additionally, 

NpGr-72 exhibited a power density as large as 27 mW/cm2, higher than that of NGr (10 

mW/cm2). The high ORR activity of NpGr could be attributed to the rich edge defect sites, 

which provided abundant doping sites for the nitrogen dopants. Besides oxygen evolution 

reaction, heteroatoms doped defective graphene was found to be an ideal catalyst for HER. 

Tian et al. prepared N doped defective graphene47 and S doped defective graphene48, 

which exhibit high activities in HER.    

  

Figure 1.12. (a) The scheme of fabrication process of NpGr. (b) The ORR LSV curve of 

Gr, pGr-72, NGr, NpGr-72 and E-TEK in 0.1 M KOH media. (c) The single cell 

polarization data by using NpGr-72 and NGr as the cathode catalysts.46 
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In addition to individual heteroatoms doping, Brito et al. calculated the density of 

the states of N, B co-doped on three kinds of defective graphene (Fig. 1.13a-1.13f).44 It 

could be clearly seen that, N and B make a large contribution to the total density of states 

near the valence band edges for BN-D57-2 and BN-D57-2. Considering the valence 

electrons participate in the electrocatalytic reactions, the tuned valence electron states are 

definitely to change the activities of the defective sites in HER, OER and ORR. Sen et al. 

further calculated the adsorption energies of an oxygen molecular adsorbed on four 

configurations of nitrogen and/or boron doped defective graphene (Fig. 1.13g-1.13j).45 It 

shows that the adsorption energies of oxygen molecular on these four structures followed 

the order D555777 > N-D555777 > B-D555777 > 3B7N-D555777, implying the strong 

binding between the oxygen and 3B7N-D555777. Besides, the length of O-O bonds was 

altered after the adsorption, especially for the oxygen on 3B7N-D555777, as long as 1.346 

Å, 8.7% longer than that of the isolated oxygen molecular. The stretching of the O-O 

bond weakened the covalent bond, thus enhanced the activity in ORR. Nevertheless, the 

authors neglected the desorption step. Since the lower adsorption energy on the one hand 

promotes the dissociation of the O-O bond, on the other hand increases the desorption 

energy in the last elementary step. The sluggish desorption will lead to the poisoning of 

the catalysts due to the high coverage of intermediates. According to the volcano plots, 

an optimal binding strength, balancing the steps of both adsorption and desorption, should 

be exploited in the heteroatoms doped defective carbons.     
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Figure 1.13. (a)-(c) The illustrations of three different BN co-doped defective graphene. 

(a) BN-D57-1, boron atom is located at A and nitrogen atom is located at F. (b) BN-D57-

2, boron atom is located at A and nitrogen atom is located at F. (c) BN-D7557, boron 

atom is located at A and nitrogen atom is located at C. (d)-(f) The total and projected 

density of states onto the B and N atoms for BN-D57-1 (d), BN-D57-2 (e) and BN-D57-

2 (f).44 (g)-(j) Oxygen molecular adsorbed on four different structures. (g) D555777. (h) 

N-D555777. (i) B-D555777. (j) 3B7N-D555777.45  

Besides none metal atoms doping, atomic metal atoms doping is another research 

frontier in the field of functionalizing defective carbons. Atomic metal (aM) catalysts 

overcome the disadvantages of conventional metal-based catalysts, such as low atom 

efficiency and bad acidic tolerance. However, there is still a critical issue hindering the 

large deployment of aM catalysts. Since the atomic metal atoms are unable to exist 

individually, a support is required to anchor and stabilize aM. In the early period, metal 

oxides, such as FeOx
49-51 and AlOx

52, 53, were utilized as the supports for atomic noble 
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metals, despite the poor stabilities in the harsh media. In recent decade, carbon materials 

have been studied extensively as the supports. Carbon supports not only stabilize the aM, 

but also affect the electronic structure of the center coordinated metal atoms, thus the 

carbon atoms and the metal atoms as a whole are functioned synergistically as the active 

sites in the electrocatalysis. 

A large amount of aM catalysts have been explored, such as aPt@defect54-59, 

aCo@defect60, 61, aNi@defect62-64 and aFe@defect65-68, which are widely used in ORR 

and HER. Normally, aMs prefer to anchor on the mono-vacancy64, 69 and di-vacancy60, 66, 

67, 70-72, which exhibited high activities for HER and ORR, respectively. Qiu et al. 

calculated three configurations of atomic Ni species on graphene (atomic Ni adsorbed on 

graphene, atomic Ni anchored on mono-vacancy and atomic Ni anchored on di-vacancy), 

as shown in Fig. 1.14a-1.14b.64 Nimono-vacancy/G shows a ΔGH* as low as 0.1 eV, 

comparable to that of Pt (0.09 eV), indicating the small onset overpotential of Nimono-

vacancy/G for HER (Fig. 1.14d). The atomic Ni species doped on graphene was obtained 

from the CVD growing of graphene on Ni foil with the subsequent acid leaching. Fig. 

1.14e shows that atomic Ni species are distributed uniformly on the graphene with a clear 

demonstration of atomic Ni species trapped on the mono-vacancy. With atomic Ni species 

trapped, the defective graphene exhibited the high activity (10 mA/cm2 at -0.17 V vs RHE) 

and robust stability (nearly no decay of the current density after 1000 CV cycles and only 

negligible decay was observed after 120 hours reaction) for HER as shown in Fig. 1.14f. 

The high activity of atomic Ni species doped on graphene could be attributed to the active 

site of Nimono-vacancy/G, which has been elucidated to be highly active for HER 

theoretically by the DFT calculations as mentioned above. Compared to other hot HER 

catalysts, atomic Ni doped on graphene presents the competitive onset overpotential of 

0.05 V and Tafel slope of 45 mV/dec (Fig. 1.14g). The application of mono-vacancy in 
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trapping atomic metals is limited to Ni species, but has already been extensively utilized 

in trapping atomic Mo species. Chen et al. reported an N doped carbon with atomic Mo 

trapped on the mono-vacancy site that exhibited an excellent activity for HER.69 With 

this respect, aM@mono-vacancy structure may be the ideal active site for HER, although 

it still needs more investigations to be a general principle in guiding the atomic metal 

catalyst fabrications for HER.  

    

 

Figure 1.14. (a)-(c) Three configurations (Niab/G (a), Nimono-vacancy/G (b) and Nidi-vacancy/G 

(c)) of atomic Ni species on graphene. (d) The free energy profiles of Niab/G, Nimono-

vacancy/G, Nidi-vacancy/G, G and Pt for HER. (e) HAADF-STEM image of atomic Ni doped 

graphene. The enlarged pattern showing the structure of Nimono-vacancy/G is inset. (f) The 

HER LSV curves of atomic Ni doped graphene before and after 1000 CV cycles and the 

current density at -150 mV during 120 hours stability test. (g) The comparison of 

overpotential and Tafel slope of different HER catalysts.64  
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Interestingly, it is noteworthy that nearly all of the aM@di-vacancy (such as Zn70, 

Ru71, Fe66-68, Co60, 72) typed catalysts are highly active for ORR. Besides, another common 

ground is that nitrogen atoms are doped on the catalysts thereby coordinating with the 

center metal atoms, playing the roles of bridges to carbon defects and forming Me-N-C 

structure. The study of aM@di-vacancy typed catalysts could be originated from 

metalloporphyrin compound, which shares the similar coordination structure with 

aM@di-vacancy. Despite the high ORR activity of metalloporphyrin compound, the poor 

conductivity hinders it to be the ideal ORR catalyst. With this respect, aM doped on the 

defective carbon not only exhibits high activity for ORR, but also presents good 

conductivity.  

Atomic Fe species doped carbon could be fabricated from ZIF-8.66 Chen et al. 

mixed Fe(acac)3 with the precursors of ZIF-8, followed by a hydrothermal treatment to 

obtain Fe(acac)3@ZIF-8 (Fig. 1.15a). After pyrolysis at 900 ℃, the Zn was successfully 

evaporated and Fe(acac)3 was reduced into isolated iron atoms on the carbon defects 

linked by nitrogen atoms (Fe-ISAs/CN). The XANES spectrum shows that the Fe in 

oxidized state with a value of valence state between 0 and +3. Furthermore, the EXAFS 

curve of Fe-ISAs/CN clearly presents the dominant peak around 1.5 Å, which is ascribed 

to the Fe-N scattering path. The theoretically Fe-Fe peak at 2.2 Å was invisible, indicating 

the absence of Fe particles and clusters. This obtained Fe-ISAs/CN catalyst shows a high 

activity for ORR with a half wave potential of 0.9 V in 0.1 M KOH media, exceeding that 

of commercial Pt/C catalyst. Moreover, the electron transfer number was calculated as 

3.9 by K-L plots, indicating the 4 e- pathway is dominant in the reaction. The high activity 

of Fe-ISAs/CN could be further attributed to the Fe-N4 coordination structure (Fig. 1.15f), 

which was induced from the EXAFS fitting (Fig. 1.15e). The free energy profiles of Fe-

ISAs/CN and Fe particles doped on CN (Fe-NPs/CN) (Fig. 1.15g) originated from DFT 
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calculations show that the last elementary step from OH* to OH- is the potential determine 

step for both of Fe-ISAs/CN and Fe-NPs/CN. Meanwhile, the corresponding exothermic 

energy for Fe-ISAs/CN is 0.65 eV, much smaller than that of Fe-NPs/CN (1.76 eV), 

revealing the high activity of Fe-N4 coordination. This Zn assisted synthesis strategy to 

obtain atomic metal based catalyst was performed on atomic Co on NC as well, which 

also shows a superior activity to Pt/C.60 The key point to achieve atomic metal catalysts 

using this method is the low loading of Fe/Co precursor during the forming of Zn-ZIF. 

Since Zn plays an important role in the synthesis, not only controlling the spatial interval 

of Fe/Co but providing free N sites, the overloading of Fe/Co will cause the aggregation 

inevitably. 
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Figure 1.15. (a) Scheme of the fabrication process of Fe-ISAs/CN. (b) The XANES 

spectrum of Fe-ISAs/CN, Fe2O3 and Fe foil. (c) The EXAFS spectrum of Fe-ISAs/CN, 

Fe2O3 and Fe foil. (d) The LSV curve of Fe-ISAs/CN, Pt/C and CN for ORR in 0.1 M 

KOH electrolyte.66 

 

From the above discussions on the functionalization of carbon defects, we can 

find that the high electrocatalytic activity of the doped atomic metal atoms or non-metal 

atoms are contributed by the synergistic effect between the doped atoms and the 

coordinated defects. The corresponding activity is determined by the type of the doped 

atoms and the types of the carbon defects. Methods to make the precise fabrication 

process more controllable (specific atoms on specific defects) are highly desired.   

1.4 Conclusions 

Carbon defect is a quite new frontier in the field of electrocatalytic research. 

Carbon defect itself and the derivatives have the obvious merits (low cost and sustainable 

etc.) compared to conventional noble catalysts. Several methods to create carbon defects 

have been raised, including plasma treatment and doped N/Zn removal. Besides, the 

carbon defects have been obtained on graphene, activated carbon, biomass material and 

MOF. Nevertheless, there are still several critical challenges need to be addressed from 

the perspective of both realistic applications and theoretical studies. (i) Although the 

carbon defects were verified to be active for electrocatalysis both experimentally and 

theoretically, direct observation of the carbon defect is still absent which could only be 

deduced from Raman spectrum and other characterization obliquely. (ii) The activity of 

pure defective carbon is still lower than that of noble metal catalysts, hindering defective 

carbons to be the alternatives of noble metals.  
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The functionalization of carbon defects including trapping with atomic metal 

atoms and atomic non-metal atoms can enhance the activity apparently, comparable or 

even superior to noble metal catalysts. Furthermore, the high atom efficiency of atomic 

metal species based catalysts not only reduce the utilization of metals, but also possess 

the high specific activity. However, there are still some thresholds to be crossed in order 

to achieve a thorough understanding of the catalytic mechanism. (i) The coordination 

structures on the active sites are still lack of abundant comprehension that it could only 

be indicated from the synchrotron radiation. However, this characterization is indirect and 

not precise enough to reflect the local environment of the center atoms since it provides 

the information of the overall catalyst, which maybe the mixture of different coordination 

structures. More precise and areas confined characterizations even the direct observations 

of the coordination structures are highly desired. (ii) Although some aM@defects (atomic 

metals on carbon defects) catalysts reduce the use of metals, these catalysts exhibit 

different reaction pathways compared to their corresponding metallic phases. For 

example, atomic Pt on carbon defects was reported with low selectivity for 4e- pathway, 

impeding its application in the fuel cells. A detailed study to elucidate the mechanisms of 

this reaction selectivity change from metal particles to aM@defects is still absent. Only 

when this mechanism was fully elucidated, can aM@defects catalysts be designed more 

efficiently for 4e- pathway ORR. 
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2.1 Introduction 

To investigate the reaction mechanism of carbon defects, various carbon 

precursors were employed, including activated carbon, graphene, carbonized MOF and 

graphite. However, the most optimized carbon precursor is graphene in the perspective 

of making a full understanding of the reaction mechanism. As aforementioned, direct 

observation of carbon defects on catalysts is still absent, which is the prerequisite to 

generate the link between the reaction activity and the active sites on the defective carbon. 

With this respect, graphene is preferred due to it is thin enough with only one atom layer 

enabling the STEM characterization attainable, which could clearly show the structure of 

carbon defects. Furthermore, graphene is more faultless with less pristine disorder 

compared to other carbon sources, which eliminates the effect of pristine defects to the 

largest extent. Herein, graphene is selected as the carbon source in my research allowing 

the direct observation of carbon defects and the subsequent mechanism study. 

Additionally, in the last research project, carbonized MOF was utilized to enable the dual 

atomic metal species trapping on the defects.  

The methodology applied in my research could be classified into four categories, 

(i) synthesis of materials; (ii) characterization of materials (morphology, valence state, 

coordination structure etc.); (iii) electrochemical performance evaluation; (iv) DFT 

calculations. In the following of this chapter, methodology for these four aspects will be 

introduced. 

2.2 Synthesis of Materials 

All the chemicals were bought without further purifications or any other treatment as 

listed below in Table 2.1 

Table 2.1 Chemicals used for the experiments 
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Reagent Name Chemical Formula Supplier 

Graphene N/A Nanjing JCNano 

Melamine C3H6N6 Sigma-Aldrich 

Nickel(II) nitrate 

hexahydrate 
Ni(NO3)2·6H2O Sigma-Aldrich 

Iron(III) nitrate 

nonahydrate 
Fe(NO3)3·9H2O Sigma-Aldrich 

Sodium hydroxide NaOH Sigma-Aldrich 

Sodium carbonate Na2CO3 Sigma-Aldrich 

Formamide CH3NO Sigma-Aldrich 

Hydrogen chloride, 32% HCl Sigma-Aldrich 

Cobalt(II) nitrate 

hexahydrate 
Co(NO3)2·6H2O Sigma-Aldrich 

Trimesic acid C6H3(CO2H)3 Sigma-Aldrich 

4,4’-bipyridine C10H8N2 Sigma-Aldrich 

Dimethylformamide C3H7NO Alfa Aesar 

Diethylene glycol C4H10O3 Sigma-Aldrich 

Dicyandiamide C2H4N4 Sigma-Aldrich 

Nafion® 117 Solution N/A Sigma-Aldrich 

Platinum on Vulcan XC-

72, 20 wt.% Loading  
 

Pt/C Sigma-Aldrich 

Sulfuric acod, 98% H2SO4 MERCK Pty Ltd 

Nitrogen, High Purity N2 BOC 

 

Synthesis of D-graphene 

N-graphene (N doped graphene) was prepared from pristine graphene using 

thermal annealing method. Typically, the graphene was mixed with melamine (mass 

ration is 1:1), and annealed at 700 °C for 2 hours with a ramp rate of 5 °C under nitrogen 

atmosphere. Before heating, the system was purged for two hours with nitrogen gas to 

ensure the removal of oxygen from the furnace. The as prepared sample was denoted as 

NG. 

D-graphene (defective graphene) was obtained from the NG precursor. In a typical 

experiment, N-graphene was annealed at 1150 °C for 2 hours with a ramp rate of 5 °C 
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under an atmosphere of nitrogen that promote nitrogen atom subtraction from the sample 

and produce the topological defects. The as prepared sample was denoted as DG. 

Synthesis of Ni-Fe LDH and Ni-Fe LDH-NS 

Ni-Fe LDH was prepared by co-precipitation method. Briefly, 0.06 mol of 

Ni(NO3)2·6H2O and 0.03 mol of Fe(NO3)3·9H2O were dissolved in 100 ml of Milli-Q 

water, followed by the addition of 100 ml NaOH/Na2CO3 solution (pH= 9, molar ratio of 

NaOH/Na2CO3 = 6) dropwise. The suspension was stirred for 10 mins at room 

temperature and aged at 65 oC for 24 h. The resultant suspension was filtered. The Ni-Fe 

LDH was then collected after water washing by three times and dried at 80 oC for 18 h. 

For the preparation of Ni-Fe LDH nano sheet (Ni-Fe LDH-NS), 1.0 g L-1 of as-prepared 

Ni-Fe LDH was dispersed into the formamide solution, followed by a stirring under 

nitrogen blowing for 2 days. The resulting yellow, transparent suspension of Ni-Fe LDH-

NS was separated by centrifugation at 1500 rpm for 15 min to remove the unexfoliated 

LDH. 

Synthesis of Ni-Fe LDH-NS@DG composite 

Typically, a designed volume of DG, NG or G nanosheet (0.1 g L-1) was added 

drop by drop into the exfoliated Ni-Fe LDH nanosheet suspension under continuous 

stirring (the weight ratio of Ni-Fe LDH-NS and DG is 9:1, the corresponding composite 

is denoted as Ni-Fe LDH-NS@DG10). The flocculated product was separated by 

centrifugation. 

Synthesis of Atomic Ni Doped Graphene 

Ni doped defective graphene was synthetized from hydrolysis of Ni nitrate into 

Ni hydroxide on the surface of defective graphene. Typically, defective graphene powder 

was mixed with Ni nitrate solution and the turbid liquid was stirred continually until the 
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liquid was volatilized totally. Then the sample was substantially annealed at 750 °C in 

the flow of nitrogen. In this process, Ni hydroxide transferred to Ni oxide by high 

temperature pyrolysis. At the same time, the Ni oxide was reduced by carbon and formed 

metal Ni. To get single Ni atom doped graphene, the as prepared stuff was then washed 

by 1M hydrochloric acid for 2 days to remove the bulks of Ni. 

Synthesis of Co-MOF 

In a typical synthesis, 0.2 g Co(NO3)2·6H2O, 0.21 g trimesic acid (H3BTC) and 

0.02 g 4,4’-bipyridine were dissolved in the 8.47 mL dimethylformamide (DMF). 

Subsequently, 1 mL water and 7.18 mL diethylene glycol were added to the solution with 

2 hours stirring to mix the components uniformly. Then the solution was kept at the 

temperature of 65 °C for 48 hours. After centrifugation, the Co-MOF was finally obtained. 

Synthesis of A-CoPt-NC 

A-CoPt-NC was prepared from Co-NC. Typically, the Co-MOF was mixed with 

dicyandiamide (mass ratio is 1:16) and annealed at 850 °C for 2 hours with a ramp rate 

of 4 °C under nitrogen atmosphere. Before calcining, the system was purged for two hours 

with nitrogen gas to ensure the removal of oxygen from the furnace. Then the obtained 

Co-NC was coated on the electrode and treated by electrochemical activation with 8000 

CV cycles from 0.1 V to 1.1 V vs RHE in 0.5 M sulphuric acid. The counter electrode is 

a Pt wire. The final product was carefully removed from the electrode and washed by DI 

water for several times, denoted as A-CoPt-NC.   

2.3 Characterization of Materials 

The main equipments involved in material characterization are listed in Table 2.2 

Table 2.2 Equipments used for the experiments 
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Name Model Manufacturer 

X-ray powder diffraction 

(XRD) instrumentation 
D/MAX 2550 VB/PC Rigaku 

X-ray photoelectron 

spectrometer (XPS) 

Axis Ultra X-ray 

Photoelectron 

Spectroscopy 

Kratos Analytical 

Organic elemental 

analyzer 

Flash EA 1112 CHNS-O 

Analyzer 
Thermo Electron Corp. 

Transmission electron 

microscopy (TEM) 
TECNAI 12 FEI 

Transmission electron 

microscopy (TEM) 
TECNAI G2 F20 FEI 

Transmission electron 

microscopy (TEM) 
ARM200F JEOL 

Atomic force microscope 

(AFM) 

Multimode 8 Atomic force 

microscope 
Bruker 

Raman microscopy InVia spectrometer Renishaw 

X-ray absorption 

spectroscopy (XAS) 
HXMA, 06ID Canadian Light Source 

 

2.4 Electrochemical Performance Evaluation 

Electrochemical Test Device 

All the electrochemical tests were performed in a conventional three-electrode 

system at an electrochemical station (CHI 760E), using Ag/AgCl (saturated KCl solution) 

electrode as the reference electrode, Pt mesh as the counter electrode and glassy carbon 

(GC) electrode as the working electrode. All potentials were referred to the reversible 

hydrogen electrode (RHE) by following calculations: E (vs RHE) = E (vs Ag/AgCl) + 

0.197+0.059pH. 

ORR Measurement 

1 mg of the catalyst was dispersed into the 1 mL mixed solution of distilled water 

(680 µL), ethanol (300 µL) and Nafion Solution (5%, 20 µL). Then, 10 µL of the mixture 

was dropped onto a polished glassy carbon electrode (4 mm in diameter) after sonication 
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for at least 60 min to form a homogeneous ink. The loaded electrode was placed in a 

60 °C oven for 10 min to dry and allow to cool to room temperature before performing 

tests. Both prior to the test (for at least 30 min) and during the experiment, the electrolyte 

(0.1 mol/L KOH solution) was saturated with O2 via a bubbler. The data was recorded at 

the scan rate of 100 mV/s once the system achieved equilibrium. The rotating speed of 

the working electrode was increased from 400 rpm to 2500 rpm at the scan rate of 10 

mV/s in O2-saturated 0.1 M KOH solution during the linear sweep voltammetry test. 

HER and OER Measurement 

Typically, 4 mg of sample was dispersed in 1 mL mixed solution of distilled water 

(680 μL), ethanol (300 μL) and Nafion®117 Solution (5%, 20 μL), followed by at least 

60 min sonication to form a homogeneous ink. Then 5 μl of the solution was loaded onto 

the GC electrode of 3 mm in diameter. The final loading for all catalysts and commercial 

Pt/C electrocatalysts on the GC electrodes was about 0.283 mg/cm2. Linear sweep 

voltammetry with scan rate of 5 mV/s was conducted in 1M KOH or 0.2M H2SO4. 

Chronopotentiometry measurement (j = 5 mA/cm2 and 10 mA/cm2) was performed to 

evaluate the long-term stability of the system. 

Zinc-air Battery Measurement 

Sample was loaded on foam carbon fiber paper (the cathode) to achieve the mass 

density of 0.1 mg/cm2, functioned as cathode. Whatman glass microfibre filter was used 

as separator and Goodfellow Zinc foil was utilized as the anode. All the tests were 

proceeded on split test cell (MTI). Oxygen was bubbled through the system for at least 

10 minutes to saturate the reaction chamber and this was maintained throughout the 

experiment. 

Turnover Frequency 
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The TOF is calculated by the Eq. 2.1~2.3, 

TOF =
𝑁𝐻2 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎

𝑁𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎
  (2.1) 

𝑁𝐻2 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 =
𝑗

2𝐹
  (2.2) 

𝑁𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 = 𝑁𝑛𝑖𝑐𝑘𝑒𝑙 𝑎𝑡𝑜𝑚 =
𝑚𝑛𝑖𝑐𝑘𝑒𝑙

𝑀
  (2.3) 

The F is Faraday constant, the j is current density and the M is atomic mass of 

nickel. 

Specific Activity for None Noble Metal Catalysts 

Specific activity is the activity (current obtained for the linear sweep voltammetry 

test) normalized to the electrochemical active surface area (EASA). Here, the EASA is 

estimated from the electrochemical double layer capacitance (𝐶𝑑𝑙). To study the 𝐶𝑑𝑙 of A-

Ni@DG and Ni@DG, we conducted the CV cycles at different scan rates in the range of 

potential from 0.05 V to 0.15 V vs RHE, where there is no Faradic current.  

According to 𝐶𝑑𝑙 is constant, it can be calculated as: 

𝐶𝑑𝑙 =
𝑄

𝑈
=

𝑑𝑄/𝑑𝑡

𝑑𝑈/𝑑𝑡
=

𝑗

𝑟
  (2.4) 

Q is the quantity of electric charge per unit area, U is the voltage, j is the current 

density and r is the scan rate. 

From Eq. 2.4, the 𝐶𝑑𝑙 is the slope of j~r. The EASA can be calculated as: 

EASA =
𝐶𝑑𝑙

𝐶𝑠
  (2.5) 
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𝐶𝑠 is the specific capacitance value for a flat standard with 1 cm2 of real surface 

area. The general value for 𝐶𝑠 is between 20 μF/cm2 and 60 μF/cm2. Here we use 40 

μF/cm2 as the average value.  

Specific Activity For Noble Metal Catalysts 

Here, for noble metal catalysts, such as Pt based catalysts, since the active sites 

are dominantly distributed adjacent on the Pt, the specific activity is defined as the overall 

activity normalized to electrochemical active surface area of Pt. The EASAPt is estimated 

from the charge associated with H adsorption between 0.1 to 0.38 V vs RHE and it was 

calculated by Eq. 2.6. 

𝐸𝐴𝑆𝐴𝑃𝑡 =
𝑄𝐻

𝑚×𝑞𝐻
 (2.6) 

where 𝑄𝐻  is the total electric quantity for the adsorbed H, 𝑚 is the Pt loading 

amount on the electrode and the 𝑞𝐻  is the specific capacitance value for a standard 

monolayer adsorption of hydrogen on the Pt surfaces. The general value for 𝑞𝐻 is between 

210 μF/cm2.1  

The specific activity is subsequently calculated by Eq. (2.7) 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑏𝑦 𝐿𝑆𝑉

𝐸𝐶𝑆𝐴𝑃𝑡×𝑚
 (2.7) 

Faradic efficiency 

The Faradic efficiency of OER was calculated as the ratio of the amount of 

experimentally collected gas to the theoretically generated gas expected from the charge 

transfer. Here, to eliminate the negative effect caused by air leaking, the gas was collected 

by water drainage method at a relative large current density of 100 mA cm-2 for 5 hours 

using a 4 mm diameter glassy carbon electrode. Before the reaction, O2 in the system was 
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purged by N2 flow. Considering that when conventional carbon materials are utilized as 

the electrocatalysts, the electrochemical oxidation of carbon is common (Eq. 2.8 and Eq. 

2.9), the gas produced was collected by a professional gas collector and the gas 

chromatography detection was conducted to analyses the ingredients of the produced gas.  

𝐶 + 2𝐻2𝑂 → 𝐶𝑂2 + 4𝐻+ + 4𝑒−         𝐸0 = 0.207𝑉 vs. SHE   (2.8) 

𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 2𝐻+ + 2𝑒−        𝐸0 = 0.518𝑉 vs. SHE   (2.9) 

Mass Activity 

Mass activity is the net kinetic current normalized to unit mass of the catalyst. The 

net kinetic current can be calculated by Eq. (2.10) 

     𝑖𝑘𝑖𝑛 =
𝑖𝑙𝑖𝑚×𝑖𝑜𝑏𝑣

𝑖𝑙𝑖𝑚−𝑖𝑜𝑏𝑣
 (2.10) 

where 𝑖𝑘𝑖𝑛, the net kinetic current, is the current derived from diffusion coupled 

kinetics in the porous reaction layer, 𝑖𝑙𝑖𝑚 is the limited current and 𝑖𝑜𝑏𝑣 is the current at 

0.9 V vs RHE. 

3.5 DFT calculations 

The DFT calculations are carried out by using the Vienna ab initio simulation 

package (VASP).2, 3 The exchange-correlation interaction is described by generalized 

gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional.4 Van 

der waals correction is applied in all calculations. The Brillouin zone is sampled by 

gamma point. 

Oxygen Reduction Reaction 

The overall oxygen reduction reaction (ORR) in alkaline environment can be 

written as Eq. 2.11, 
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𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻− (2.11) 

The ORR is divided into the four elementary steps. 

𝑂2(𝑔) + 𝐻2𝑂(𝑙) + 𝑒− +∗ → 𝑂𝐻− +  𝑂𝑂𝐻∗ (2.11a) 

𝑂𝑂𝐻∗ + 𝑒− → 𝑂𝐻− +  𝑂∗  (2.11b) 

𝑂∗ + 𝐻2𝑂(𝑙) + 𝑒− → 𝑂𝐻− +  𝑂𝐻∗  (2.11c) 

𝑂𝐻∗ + 𝑒− → 𝑂𝐻− + ∗  (2.11d) 

As the ORR is the reverse reaction of the OER, in same environment, the reaction 

free energy of Reactions 2.11(a-d) (∆𝐺4𝑎, ∆𝐺4𝑏 , ∆𝐺4𝑐, 𝑎𝑛𝑑  ∆𝐺4𝑑 ) are obtained by 

follow equations:  

∆𝐺4𝑎 = −∆𝐺1𝑑 (2.12a) 

∆𝐺4𝑏 = −∆𝐺1𝑐 (2.12b) 

∆𝐺4𝑐 = −∆𝐺1𝑏 (2.12c) 

∆𝐺4𝑑 = −∆𝐺1𝑎 (2.12d) 

The value of ∆𝐺1𝑎, ∆𝐺1𝑏 , ∆𝐺1𝑐, 𝑎𝑛𝑑  ∆𝐺1𝑑 is obtained at U= 0 V, pH =13 (our 

experimental environment for ORR) for above equations. The equilibrium potential 

(𝑈𝑂𝑅𝑅
𝑒𝑞𝑢𝑖𝑙

) for ORR is obtained by Eq. 2.13, 

𝑈𝑂𝑅𝑅
𝑒𝑞𝑢𝑖𝑙 = 1.23 − 𝑘𝑇𝑙𝑛10 ∙ 𝑝𝐻 = 0.461 (𝑉) (2.13) 

The barrier for ORR (𝐸𝑂𝑅𝑅
𝑏 ) at equilibrium potential is then obtained by Eq. 2.14,  

𝐸𝑂𝑅𝑅
𝑏 = max [∆𝐺4𝑎, ∆𝐺4𝑏 , ∆𝐺4𝑐,  ∆𝐺4] + 𝑈𝑂𝑅𝑅

𝑒𝑞𝑢𝑖𝑙 ∗ 𝑒  

                               = max [−∆𝐺1𝑎, −∆𝐺1𝑏 , −∆𝐺1𝑐, −∆𝐺1𝑑] + 0.461 (2.14) 
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Hydrogen Evolution Reaction 

The overall HER pathway includes two steps: adsorption of hydrogen on the 

catalyst ( 𝐻∗ ) from initial state ( 𝐻+ + 𝑒− +∗ ), and release of molecular hydrogen 

(1 2⁄ 𝐻2 +∗), where * denotes the catalyst. The Gibbs free-energy of the adsorption of 

atomic hydrogen (∆𝐺𝐻∗
0 ) is proven to be a key descriptor to characterize the HER activity 

of the catalyst.5, 6 A catalyst with a positive value leads to low kinetics of adsorption of 

hydrogen, while a catalyst with a negative value leads to low kinetics of release of 

hydrogen molecule. The ∆𝐺𝐻∗
0  should be close to 0 (|∆𝐺𝐻∗

0 | → 0) for an ideal catalyst for 

HER.  

The Gibbs free-energy of the adsorption of atomic hydrogen (∆𝐺𝐻∗
0 ) is obtained 

by Eq. 2.15, 

∆𝐺𝐻∗
0 = ∆𝐸𝐻 + ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆𝐻 (2.15) 

Where, ∆𝐸𝑍𝑃𝐸, and ∆𝑆𝐻 are respectively the difference in zero point energy, and 

entropy between hydrogen adsorption and hydrogen in the gas phase. The contributions 

from the catalysts to both ∆𝐸𝑍𝑃𝐸 and ∆𝑆𝐻 are small and are neglected. Therefore,  ∆𝐸𝑍𝑃𝐸 

is obtained by Eq. 2.16, 

∆𝐸𝑍𝑃𝐸 = 𝐸𝑍𝑃𝐸
𝑛𝐻 − 𝐸𝑍𝑃𝐸

(𝑛−1)𝐻
− 1

2⁄ 𝐸𝑍𝑃𝐸
𝐻2  (2.16) 

Where, 𝐸𝑍𝑃𝐸
𝑛𝐻  is the zero point energy of n-adsorbed hydrogens on the catalyst, 

without the contribution of catalyst. The ∆𝑆𝐻 is obtained by Eq. 2.17, 

∆𝑆𝐻 ≅ − 1
2⁄ 𝑆𝐻2

0  (2.17) 

And 𝑆𝐻2

0  is the entropy of H2 gas at the standard condition. Therefore, Eq. 2.15 

can be rewritten as Eq. 2.18, 
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∆𝐺𝐻∗
0 = ∆𝐸𝐻 + 0.24 𝑒𝑉 (2.18) 

∆𝐸𝐻 is the differential hydrogen adsorption energy, which is defined by Eq. 2.19, 

∆𝐸𝐻 = 𝐸𝑛𝐻∗ − 𝐸(𝑛−1)𝐻∗ − 1
2⁄ 𝐸𝐻2

 (2.19) 

Where * donates the catalyst. 𝐸𝑛𝐻∗, 𝐸(𝑛−1)𝐻∗ and 𝐸𝐻2
 represent total energies of 

catalyst plus n adsorbed hydrogen atoms, total energies of catalyst plus n-1 adsorbed 

hydrogen atoms, and gas H2, respectively. 

Oxygen Evolution Reaction 

The overall oxygen evolution reaction (OER) in alkaline environment can be 

written as Eq. 2.20, 

4𝑂𝐻− → 𝑂2 + 𝐻2𝑂 + 4𝑒− (2.20) 

In our model, we assume that the ORR is processed in the four electrons pathway,  

𝑂𝐻− + ∗ → 𝑂𝐻∗ + 𝑒− (2.20a) 

𝑂𝐻− +  𝑂𝐻∗  → 𝑂∗ + 𝐻2𝑂(𝑙) + 𝑒− (2.20b) 

𝑂𝐻− +  𝑂∗  → 𝑂𝑂𝐻∗ + 𝑒− (2.20c) 

𝑂𝐻− +  𝑂𝑂𝐻∗  → 𝑂2(𝑔) + 𝐻2𝑂 + 𝑒− (2.20d) 

Where, the * donates an active site on the catalyst. (l) and (g) refer to liquid and 

gas phases. 

For each step, the reaction free energy ∆𝐺 is defined by following equation: 

∆𝐺 = ∆𝐸 + ∆𝑍𝑃𝐸 − 𝑇∆𝑆 + ∆𝐺𝑈 + ∆𝐺𝑝𝐻 (2.21) 
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The ∆𝐸, ∆𝑍𝑃𝐸, and ∆𝑆 are the different energy, zero-point energy, and entropy 

of the reaction, respectively. The ∆𝐸 is obtained form DFT calculation, while the ∆𝑍𝑃𝐸, 

and ∆𝑆 are calculated form the values of Table I in the reference7. To calculate the free 

energy of 𝑂𝐻− , we assume that 𝐻2𝑂(𝑙) ↔ 𝐻+ + 𝑂𝐻−, ∆𝐺 = 0 (𝑈 = 0, 𝑝𝐻 = 0, 𝑝 =

1 𝑏𝑎𝑟, 𝑇 = 298𝐾)  .Then, 𝐺𝑂𝐻− = 𝐺𝐻2𝑂 − 𝐺𝐻+ . The 𝐺𝐻+  is defined as 1/2𝐺𝐻2
 as 

suggested by reference7. Therefore, 𝐺𝑂𝐻− = 𝐺𝐻2𝑂 − 1/2𝐺𝐻2
. ∆𝐺𝑈 =  −𝑒𝑈, in which U 

is the potential related to the standard hydrogen electrode. ∆𝐺𝑝𝐻 is the correction free 

energy of OH- ions depended by the concentration. ∆𝐺𝑝𝐻 = −𝑘𝑇𝑙𝑛10 ∙ 𝑝𝐻 . pH= 14 

(which is our experimental environment for OER) is used in the OER calculation. The 

minimum potential for OER is obtained by: 

𝑈(𝑂𝐸𝑅) = max[∆𝐺1𝑎, ∆𝐺1𝑏 , ∆𝐺1𝑐, ∆𝐺1𝑑] (2.22) 

in which, ∆𝐺1𝑎, ∆𝐺1𝑏 , ∆𝐺1𝑐, 𝑎𝑛𝑑  ∆𝐺1𝑑  are the reaction free energy, when 

U=0V, pH= 14. 

Charge Density Differences 

The change in the charge density at any point were determinate with the relaxed 

structure of N-doped graphene vacancies with the metal atoms (ρSF+M), and unrelaxed 

structures of the pristine surface without metals (ρSF) and the metal atoms (ρM), 

Δρ = ρSF+M − ρSF − ρM (2.23) 

Charge accumulation (depletion) herein means an increased (decrease) in electron 

density with the adsorption of the metal atoms. 
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3.1 Introduction 

The development of low cost, environmentally innocuous, efficient and durable 

electrocatalysts possessing the broad spectrum of functionality that is required for three 

key electrochemical reactions, hydrogen evolution (HER), oxygen reduction (ORR) and 

oxygen evolution (OER), is critically important for advancement in renewable energy 

conversion and storage.[1-6] Typical examples are the rechargeable air based battery, 

which combines ORR and OER, and the water splitting process combining HER and OER. 

The current spectrum of catalysts utilized for these fundamental electrochemical reactions 

are platinum (Pt) for ORR and HER and iridium (Ir) for applications in OER. Their ‘rare 

earth’ status and associated high cost renders them less than ideal materials for 

incorporation into bulk production scale devices that will be required for clean energy 

conversion and storage such as air cells and hydrogen production.[3, 5, 6]  In addition, the 

use of two different single function catalysts for ORR (Pt) and OER (Ir) respectively 

makes the air cell significantly more complex as it requires the combination of three 

electrodes.[5, 7] 

Since the demonstration that metal free nitrogen doped (N-doped) carbon 

nanotubes can act as efficient catalysts in ORR, considerable interest has been directed to 

the assembly of carbon based metal free electrochemical catalysts.[8-11] Afterwards the 

early observations of catalytic activities of N-doped CNT systems, the chemistry has been 

expanded to incorporate other heteroatom doping/co-doping elements (such as B, S and 

P) into a range of carbon based systems, such as carbon nanotubes and more recently 

graphene.[12-14]  Whilst thousands of papers have been published on the topic in recent 

years, the actual catalytic mechanism arising from the heteroatom doping still remains a 

topic of some debate.[15-19] For example, in N-doped carbon based assemblies, some 

reports have indicated that it is the pyridinic sp2 nitrogen centre that provides the 
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catalytically active sites for the ORR, whilst conversely, other reports have claimed that 

it is the graphitic (quaternary and sp2) nitrogen centre that provides the catalytic activity. 

Currently there is no consensus on this point although a recent article in the prestigious 

journal Science strongly supports the mechanism of a pyridinic nitrogen based 

mechanism.[20] More importantly, enthusiasts of the N-doping catalytic model claim that 

it is the higher electronegativity of nitrogen over carbon that induces a partial positive 

charge in carbon atoms proximal to the nitrogen atoms and it is this charge polarization 

that is involved in the attraction and subsequent dissociation of adsorbed O2 molecules. 

However, this rather simplistic mechanism does not explain other catalytically active 

heteroatom doped systems such as those that incorporate the group III element boron as 

the electro-negativity of boron is lower than that of nitrogen, and the group VI element 

sulfur, being comparable to that of carbon,[13] suggesting that there is some confusion to 

the actual catalytic mechanism of these doped systems. 

Recently, we investigated the relationship between catalytic activity of N-doped 

systems and the nitrogen content in the ORR by carbonization of a N-rich PAF-40.[21] In 

this study we observed an inverse relationship between N-content of the system and 

catalytic activity, i.e. the lower the nitrogen content the higher the ORR activity in a 

nitrogen range of 0.21~2.11 atom %N (negative correlation of the relationship). This is 

in direct contrast to the N-doped theory vide supra in which there should be positive 

correlation of catalytic activity vs. nitrogen content if the N-doping theory is valid. 

Furthermore, we subsequently carbonized a Zn-MOF removing all of the Zn[22] to yield a 

derived carbon containing only C and O, without any active doping elements (e.g. N, B, 

P or S) as determined by XPS. The derived pure carbon exhibited excellent ORR activity, 

in contrast to the requirements of the heteroatom doping mechanism (that is no doping, 

no activity). Accordingly, we recently presented a mechanism for ORR that is dependent 
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on carbon defects within the structure and supported or hypothesis with theoretical 

calculations.[21] However, we had not directly observed the topological defects on the 

MOF derived carbon samples due to the resulting complex 3-D structure obtained after 

removal of the zinc and carbonization.[21, 22] 

Here, we report the assembly of a 2D graphene material possessing carbon defects 

(DG) obtained via a facile nitrogen removal procedure from a N-doped precursor. We 

subsequently investigated the ORR activity of this material coupled with direct 

observations of the defects using high-resolution transmission electron microscopy 

(HRTEM). As the process may create different types of defects, we hypothesized that the 

defective graphene may be also functional for other catalytic reactions such as OER and 

HER. Our theoretical calculations support this hypothesis and the experimental work 

confirms the triple functions of the DG material. The simple approach we utilized to 

synthesize a triple functional material possesses overwhelming advantages over the 

current complicated fabrication process of bi-functional catalysts (multi-step co-doping 

and hybridization).[10, 14] 
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3.2 Characterization 

 

Figure 3.1 Characterizations of the resulting samples. (a) The schematic of the formation 

of DG. (b) XPS patterns of the pristine graphene, NG and DG. (c) High resolution of N1s 

spectra of NG and DG. (d) Raman patterns of pristine graphene, NG and DG. (e) The 

transmission electron microscopy (TEM) image of DG with an acceleration voltage of 

120 kV. (f) HAADF image of DG with an acceleration voltage of 80 kV. Hexagons, 

pentagons, heptagons and octagons were labelled in orange, green, blue and red 

respectively. (g) The atomic force microscopy image of DG. 

 

A cartoon illustrating the removal of the doping element is outlined in Fig. 3.1a. 

It is anticipated that various defects (pentagons, heptagons and octagons) are formed from 

carbon atom reconstruction arising from multiple single-atom vacancies induced after N-

atoms are removed through heat treatment.[21] X-ray photoelectron spectroscopy (XPS) 

was used to confirm the loss of nitrogen dopant after heat treatment. It is notable that the 
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N1s peak was detected with ~4 at% nitrogen in the starting N-doped graphene (NG) (Fig. 

3.1b). High resolution analysis of the N1s spectra after peak deconvolution further reveals 

that three main peaks can be fitted at 398.3, 399.6 and 401.0 eV, which can be ascribed 

to pyridinic, pyrrolic and graphitic nitrogens, respectively (Fig. 3.1c).[16] XPS analysis of 

the material after heat treatment confirms the absence of the nitrogen atoms in the DG 

material (Fig. 3.1b and 3.1c). As the XPS only can characterize the composition on the 

surface, element analysis was further used to reveal the N content in whole of NG and 

DG, respectively. The results show that the contents of N are ~ 4.3 wt% (3.7 at%) and ~ 

0.8 wt% (0.7 at%) for NG and DG, respectively, indicating that the carbon inside contains 

a very small amount of N. However, we do not think the activity is from these N because 

there was no N on the surface of carbon and the reactions rightly occurred on the surface. 

Furthermore, two of our previous works have supported the defect but not N is functional: 

1) N-doped activated carbon (AC) has been demonstrated to be non-active for 

electrochemical reactions, but the defective AC is highly active for ORR and HER;[23] 2) 

we use Zn removal method to create defects on carbon, which shows highly active for 

ORR. The whole process did not touch any sources of N and it was confirmed that there 

is no N in the carbon.[22] The process to form the defect material can be attributed to 

subtraction of nitrogen atoms under high energy conditions resulting in the formation of 

vacant sites. These sites subsequently structurally rearrange to minimize energy via 

reconstruction of the carbon lattice forms rings of various sizes such as pentagons, 

heptagons, even octagons.[24, 25] Raman analysis clearly shows the variation in the 

intensity of the D and G bands between the NG and DG samples (Fig. 3.1d). For graphene, 

the intensity of D band is lower than that of G band with ID/IG ratio of 0.89 (Fig. 3.1d 

inset), suggesting the high regularity of carbon structure possessing relatively fewer 

defects. Incorporation of nitrogen heteroatoms doped into the graphene sheets, results in 
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an increase in D band intensity, indicating the disruption of hexagonal structure[8-11] and 

the introduction of some defect sites. Removal of the nitrogen doping atoms results in a 

further increase in defects as shown by the increase in the ratio of ID/IG continually from 

1.06 to 1.13 (Fig. 3.1d inset), suggesting the more widespread formation defective 

domains.[24, 25] 

To verify the Raman data, aberration-corrected high-resolution transmission 

electron microscopy (AC-HRTEM) was used to actually visualize the defects regions of 

the material. At low magnification (Fig. 3.1e and Fig. S3.1a and b), the representative 

images of the DG material revealed the formation of holes in the graphene sheet 

presumably resulting from the removal of nitrogen. Not surprisingly, various structural 

defects (pentagons, heptagons and octagons) with different combinations such as 585, 

75585 (Fig. 3.1f) and 5775 (Supplementary Fig. S3.1c and d) were observed proximal to 

the lattice vacancies. It is perhaps not surprising that the structural defects mainly 

dominate on the edge of holes, while the normal hexagon graphene structure 

predominates in the bulk regions of the material. The evolution of the G-NG-DG 

structural transition was investigated using atomic force microscopy (AFM) and this 

technique highlighted that removal of doped N atoms leads to some localized destruction 

of graphene structure (Fig. 3.1g and Fig. S3.2c-e). The thickness of the defect material as 

measured by edge analysis in the AFM was observed to be similar as original graphene 

starting material at ~ 0.6 nm, which is consistent with the TEM results. We propose that 

it is these defects that are fundamental in enhancing the electrocatalytic activity of the 

material, presumably due to the local modulated electronic environment associated with 

the defects.[24-26] Also important is that as these defects perturb the surface properties of 

the graphene, they induce other catalytic effects such as changes in specific surface area 

and surface hydrophobicity (contact angle of 44.3° (Fig. S3.4)) improving catalytically 
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beneficial wetting properties.[3-5] When combined these surface changes (Fig. S3.3) it 

would be beneficial for mass transportation in an aqueous electrolyte.[5,6,10,12,18] 

3.3 Results and Discussion 

 

Figure 3.2 Linear sweeping voltammetry curves of the pristine graphene, NG and DG. (a) 

Oxygen reduction reaction. (b) Oxygen evolution reaction. (c) Hydrogen evolution 

reaction in acid and (d) alkaline solution, respectively. 

 

The evaluation of the electrocatalytic activity of the DG was initially carried out 

using the oxygen reduction reaction (ORR) in O2-saturated 0.1 M KOH aqueous solution 

at room temperature. The linear scan voltammogram (LSV) curves in Fig. 3.2a confirm 

the efficient ORR of DG, with a positive onset potential of 0.91 V versus reversible 

hydrogen electrode (RHE) and a half-wave potential of 0.76 V versus RHE. These values 
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are comparable to most previous reported metal free ORR catalysts (Refs in Table S3.1). 

In terms of half-wave potential, limiting current density and Tafel slope, it is 

demonstrated that the DG shows much higher activity than that of NG (Fig. 3.2a and Fig. 

S3.5a), indicating the defects are essential for the ORR in this system. The electron 

transfer number per oxygen molecule (n) for DG in ORR was determined to be 3.87 by 

Koutecky-Levich (K-L) plots (Fig. S3.5b), indicating a 4-electron pathway reaction.[3] 

The durability of the DG over the course of the experiments is also excellent and better 

than Pt/C (Fig. S3.5c). More interestingly, the DG catalyst also exhibited superior ORR 

activity in acidic electrolyte (0.1 M H2SO4). As seen in Fig. S3.6, the DG catalyst displays 

high activity at high voltages, which is superior to that of the N doped graphene (NG) and 

pristine graphene (G) catalysts in acidic electrolyte. In addition, it is noticed that although 

the electrochemically active surface area (EASA) of DG is lower than that of G, DG 

shows much higher current density, implying that EASA is not the only contributor to the 

enhanced kinetics (Fig. S3.7). 

Given the encouraging data obtained in the ORR experiments, we continued on 

to examine the activity of this materials for the OER and HER experiments. In the OER 

experiment, the DG material exhibited an activity remarkably higher than that of pristine 

graphene (no activity) and NG, with a potential of 1.57 V under the current density of 10 

mA cm-2 and a lower Tafel slope (97 mV dec-1). This activity is comparable to Ir/C (a 

commercial OER catalyst) (Fig. 3.2b and Fig. S3.8a). The OER catalytic activity of DG 

is also comparable to the reported doped or hybrid non-precious metal electrodes in terms 

of onset potential and current density (Refs in Table S3.2). Furthermore, the DG also 

shows a good OER durability (Fig. S3.8b).  

Also, the DG shows significantly improved HER activities over both G and NG, 

in both acid and alkaline solutions (Fig. 3.2c and d). In a 0.5M H2SO4 solution, the 
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operating potentials at a current density of -10 mA cm-2 are measured to be -0.42 V for 

G, -0.35 V for NG, and -0.15 V for DG, respectively. The DG also shows excellent kinetic 

properties with the lowest Tafel slope at 55 mV dec-1 and high stable 

chronopotentiometric performance at current densities of 5 and 10 mA cm-1 (Fig. S3.8c 

and d). These values outperform most previous reported metal free HER catalysts (Refs 

in Table S3.3), and close to some benchmarking metal based catalysts for HER such as 

MoxSy and NixPy.
[27-29] Impressively, DG shows excellent activity in 1 M KOH solution, 

in fact, it is much better than that of state-of-the-art non-metal HER electrocatalysts 

currently reported (Refs in Table S3.3). This observation is particularly exciting as the 

HER in alkaline solution is very important for the overall water splitting process[30] and 

this observation is in contrast to the N-doped material (NG) which has limited HER 

performance in alkaline media (Fig. 3.2d and Fig. S3.8e and f).  

   In summary, the defect graphene (DG) material outlined here is not only 

functional for ORR but also for the OER and HER, and the activity of the material is 

significantly higher than that of the parent NG for all the three basic electrochemical 

reactions. 
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Figure 3.3 Mechanism study of tri-functionality in defective graphene for ORR, OER and 

HER. (a) 5-8-5 defect. (b) Edge pentagon. (c) 7-55-7 defect. (d-f) Schematic energy 

profiles for the ORR pathway, the OER pathway and the HER pathway on defective 

graphene in alkaline/acidic media. To improve legibility, ‘OH-’ was omitted from the 

labels. 

 

In an attempt to understand the underlying catalytic mechanisms displayed by this 

defect graphene, we undertook as series of density function theory (DFT) experiments to 

better describe the catalytically active sites for the ORR, OER and HER processes (more 

computational details in the Supplementary information). Four computational models 

were derived from the experimentally observed types of defect observed in the NG 

material, i.e. edge pentagon, 585, 7557, and 5775 defects. Analysis of the frontier 

molecular orbitals revealed that that the HOMO and LUMO orbitals are predominantly 
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distributed on the edge atoms of the graphene holes (Fig. S3.9). Once the edge pentagon, 

585 defect, 7557 defect are introduced, edge atoms around the defect contributed to the 

HOMO/LUMO orbitals except for the 5775 defect (Fig. S3.9). As the catalytic reaction 

is highly correlated with HOMO/LUMO orbital distributions, the 5775 defect is not active 

for the ORR, OER and HER reactions. Only edge pentagon, 585 defect, and 7557 defect 

are plotted with defect atoms labeled and highlighted in green color (Fig. 3.3a-c). The 

minimum energy pathways were calculated for the ORR, OER and HER, and only five 

defect atomic sites (5-1, 585-1, 585-3, 7557-1 and 7557-4) with the highest catalytic 

activity were selected (Fig. 3.3d-f). The most active sites for the ORR under pH=13 is 

edge 5-1 with a smallest activation barrier of 0.470 eV, followed by 7557-1 with a barrier 

of 0.483 eV (Fig. 3.3d and Table S3.4). Meanwhile, the minimum potential for the OER 

at pH=14 is 0.945 V and 0.948 V for 5-1 and 585-1 defect, respectively (Fig. 3.3e and 

Table S3.4). The most active sites for the HER is 7557-4 (∆𝐺𝐻∗
0 = −0.187 𝑒𝑉) (Fig. 3.3f 

and Table S3.4). Remarkably, the edge carbons in all three systems (5-1, 585-1, and 7557-

1) demonstrate the superior activities for both ORR and OER. Previously, edge effects 

have been considered to improve the catalytic activities of the graphene.[26] The defects 

at the edge (pentagon, 585, and 7557) reported in this work could further significantly 

enhance the catalytic activities (Fig. S3.10). It should be noted that the hydrogen binding 

energy on most edge carbons are too strong for the HER, while the conjunction carbons 

(585-3 and 7557-4) possess a desired hydrogen binding energy and thus demonstrate 

excellent HER performance. 
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Figure 3.4 Potential applications of the DG. (a) Two electrodes Zn-air batteries testing 

device. (b) A schematic of interior assembling construction of the cell. (c) Performance 

of the battery charge–discharge cycling at 5 and 10 mA/mg, respectively. (d) Charge and 

discharge polarization curves and its output power density curve. (e) LED light (~ 2 V) 

powered by two zinc-air batteries in series. The inset is the voltage, unit: V. (f) Electrical 

vehicle model powered by two zinc-air batteries in parallel. The inset is the current, unit: 

mA. 

 

Inspired by the notable half-cell performance of the DG material in the ORR and 

OER, 0.1 mg of the DG material was pasted on to a porous carbon fiber paper (CFP) and 

this was subsequently used as a cathode catalyst to evaluate the full-cell potential of the 

material in a split test cell (EQ-STC-MTI) for a rechargeable zinc-air battery (Fig. 3.4a 

and inset). The interior components and construction of the cell is shown in Fig. 3.4b. 

The electrolyte used in the experiment was 6 M KOH and 0.2 M zinc acetate (dissolved 
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in KOH to form zincate, Zn(OH)4
2-) to ensure reversible Zn electrochemical reactions at 

the anode.[5] To determine the longer term stability of the system, charging and 

discharging cycles (300 s in each cycle) at different current rates using the recurrent 

galvanic pulse method[5] were employed (Fig. 3.4c). The DG material exhibited 

respectable durability at current densities of both 5 mA mg-1 and 10 mA mg-1. After 90 

charge/discharge cycles, the charge potentials still held at 1.90 V and 1.92 V respectively, 

while the discharge potentials declined only slightly. Furthermore, the potentials of 

charge/discharge and power densities with increasing current densities were measured. 

Remarkably, this DG catalyst electrode delivers a current density of ∼100 mA mg-1 at the 

discharging voltage of 1 V and a peak power density of ~154 mW mg-1 at a current density 

of 195 mA mg-1, which are comparable to those of the reported Pt/C counterparts (Fig. 

3.4d).[4, 5, 31] To meet specific energy and/or power needs for various practical applications, 

multiple Zn–air batteries can be integrated into series or parallel circuits. As exemplified 

in Fig. 3.4e, two Zn-air batteries can be connected in series to generate a sufficiently high 

open circuit potential (OCP) of 2.63 V to power a LED light (~ 2 V). In the other case of 

enhancing current output, two Zn-air batteries can also be connected in parallel to 

generate a sufficiently high circuit current of 32.5 mA to drive an electrical model vehicle 

(Fig. 3.4f). 

3.4 Conclusions 

To summarize, the defects derived by the removal of heteroatoms from graphene 

have been demonstrated, both experimentally and theoretically, to be effective for all 

three basic electrochemical reactions, e.g. ORR, OER and HER. The activities of the DG 

for all three reactions are much better than the N-doping graphene. To our best knowledge, 

tri-functional metal free catalyst based on defect mechanism is firstly reported and 

confirmed. In view of the excellent activity, we demonstrated the DG catalyst for Zn-air 
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battery. The Zn-air battery suggests that the DG has very stable charge and discharge 

voltages, high current and power density, which is comparable to Pt. The defective 

carbons with triple functions will have many potential applications and we believe the 

defect mechanism will be useful for designing next generation of catalysts for 

electrocatalysis. 
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Supplementary Materials  

 

Figure S3.1 TEM images of DG with different magnifications. 
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Figure S3.2 (a) XRD patterns of the pristine graphene, NG and DG. (b) Digital photos of 

around 1 mg pristine graphene, NG and DG. (c-e) AFM patterns of the pristine graphene, 

NG and DG (from left to right). 

Fig. S3.2a shows the XRD patterns of the pristine graphene, NG and DG. There 

is no obvious difference between these three samples. The digital photos show the three 

samples weighed ~ 1 mg specified in Fig. S3.2b. As can be seen from Fig. S3.2b, DG is 

fluffier than the pristine graphene and NG. The tap densities are calculated to be 11.12 

mg/cm3, 8.52 mg/cm3 and 3.44 mg/cm3 for the pristine graphene, NG and DG, 

respectively, which elucidates their morphology evolutions during the preparation 

(confirmed by the AFM and TEM characterizations). According to Fig. S3.2c, the 

thickness of the pristine graphene is around 0.5 nm. Considering the theoretical thickness 

of single layer graphene is 0.34 nm, it should be a kind of monolayer graphene. It is 

reasonable to deduce that when nitrogen atoms are removed from the graphene sheet, 

vacancies will be formed. The hexagon structure will be subsequently reconstructed and 

the topological hexagon grid will be disturbed, resulting to the generation of defects. 

 

Figure S3.3 Nitrogen adsorption–desorption isotherms of the pristine graphene (a), NG 

(b) and DG (c). 
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Figure S3.4 Contact angles of the pristine graphene, NG, and DG. 

 

 

Figure S3.5 (a) Tafel plots of the cathodic sweeps of the polarization curves of graphene, 

NG and DG. (b) LSV curves of DG at different rotation speeds with the scan rate of 5 

mV/s in O2-saturated 0.1 M KOH solution (Inset: Koutecky-Levich (K-L) plots at 

different potentials). (c) Chronoamperometric curves of the DG and Pt/C with a voltage 

of 0.5 V vs RHE in O2-saturated 0.1 M KOH solution. 
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Figure S3.6 Linear sweeping voltammetry curves of the pristine graphene, NG, DG and 

Pt/C for oxygen reduction reaction in acidic electrolyte (0.1 H2SO4). 
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Figure S3.7 (a)(c)(e) CV conducted at potential from 0.05 V to 0.15 V vs RHE at scan 

rates of 10 mV/s, 20 mV/s, 40 mV/s, 60 mV/s, 80 mV/s and 100 mV/s. (b)(d)(f) The 

current densities of anode and cathode measured at 0.1 V vs RHE with different scan 

rates. (a)(b), (c)(d) and (e)(f) are G, NG and DG respectively. 
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Figure S3.8 (a), (c) and (e) Tafel plots of the anodic or cathodic sweeps of the polarization 

curves of graphene, NG and DG. (b), (d) and (f) Chronopotentiometry curves of DG with 

a current density of 5 mA/cm2 and 10 mA/cm2. (a) and (b) were performed in 1M KOH 

solution for OER. (c) and (d) were performed in 0.5M H2SO4 solution for HER. (e) and 

(f) were performed in 1M KOH solution for HER. 
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Figure S3.9 HOMO (upper panel) and LUMO (lower panel) orbitals for (a) normal 

graphene hole; graphene hole with (b) edge pentagon; (c) 585 defect; (d) 7557 defect and 

(e) 5775 (Stone-Waals) defect. 

 

Figure S3.10 Charge density iso-surface (isosurface level is 0.05) of graphene hole with 

(a) edge pentagon; (b) 585 defect; and (c) 7557 defect. 

 

Table S3.1 Comparison of selected state-of-the-art non-metal ORR electrocatalysts in 

alkaline/acidic aqueous media. 

Catalysts Electrolyte Half-wave 
Potential (V vs 
RHE) 

Reference 

NCNTs arrays 0.1 M KOH 0.86 Science 2009, 323, 760-764 
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CNTs/G 0.1M HClO4 0.76 Nat. Nanotechnol. 2012, 7, 394-
400 

B12C77N11 0.1 M KOH 0.76 Angew. Chem. 2012, 51, 4209-
4212 

Nitrogen-doped 
carbon nanosheets 

0.1 M KOH 0.85 Angew. Chem. 2014, 53, 1570-
1574 

Amine functionalized 
graphene 

0.1 M KOH 0.59 J. Mater. Chem. A 2014, 2, 441-
450 

Nitrogen-doped 
porous carbons 

0.1 M KOH 0.70 Energy Environ. Sci. 2014, 7, 
442-450 

Carbon 
nanofibers/NG 

0.1 M KOH 0.80 Angew. Chem. 2014, 126, 7025-
7029 

Defective graphene 0.1 M KOH 0.76 This work 

 

Table S3.2 Comparison of selected state-of-the-art non-metal OER electrocatalysts in 

alkaline aqueous media. The potential is obtained at a current density of 10 mA/cm2. 

Catalysts Electrolyte Potential 
(V vs 
RHE) 

Reference 

NG-CNT 0.1 M KOH 1.71 Adv. Mater. 2014, 26, 2925-2930 

Oxidized carbon cloth 0.1 M KOH 1.69 Chem. Commun. 51, 2015, 1616-1619 

C3N4/CNTs 0.1 M KOH 1.59 Angew. Chem. 2014, 53, 7281-7285 

NG/SWCNT 0.1 M KOH 1.63 Small 2014, 10, 2251-2259 

C3N4/G 0.1 M KOH 1.80 ChemSusChem 2014, 7, 2125-2130 

N and P co-doped 
mesoporous nano 
carbon 

0.1 M KOH 1.58 Nat. Nanotechnol. 2015, 10, 444-452 

Nitrogen-doped carbon 0.1 M KOH 1.61 Nat. Commun. 2013, 4, 3390 

Defective graphene 1 M KOH 
0.1 M KOH 

1.57 
1.60 

This work 

 

 

Table S3.3 Comparison of selected state-of-the-art non-metal HER electrocatalysts in 

acidic/alkaline aqueous media. The potential is obtained at a current density of -10 

mA/cm2. 
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Catalysts Electrolyte Potential 
(V vs 
RHE) 

Reference 

Acidic oxidized SWCNTs 0.5 M 
H2SO4 

-0.23 Chem. Commun. 2014, 50, 9340-
9342 

N,P-doped multilayer 
nanoporous graphene 

0.5 M 
H2SO4 

-0.22 J. Mater. Chem. A 2015, 3, 12642-
12645 

B-doped graphene 0.5 M 
H2SO4 

-0.44 Catal. Sci. Technol. 2014, 4, 2023-
2030 

Bacterium derived carbon 0.5 M 
H2SO4 

-0.20 J. Mater. Chem. A 2015, 3, 7210-
7214 

g-C3N4 nanoribbon-G 0.5 M 
H2SO4 

-0.22 Angew. Chem. 2014, 53, 13934-
13939 

C3N4@NG 0.5 M 
H2SO4 

-0.24 Nat. Commun. 2014, 5, 3783 

Porous C3N4@NG 750 
cycles 

0.5 M 
H2SO4 

-0.08 Acs Nano 2015, 9, 931-940 

N,P-doped graphene 0.5 M 
H2SO4 

-0.42 ACS NANO 2014, 8, 5290 

N, P and O tri-doped 
porous graphite 
carbon@oxidized carbon 
cloth 

1 M KOH -0.45 Energy Environ. Sci., 2016, 9, 1210-
1214 

Defective graphene 0.5 M 
H2SO4 
1 M KOH 

-0.15 
-0.32 

This work 

 

Table S3.4 OER, ORR, and HER performance on edge pentagon, 585 defect and 7557 

defect 

 ORR 
barrier 
(eV) 

OER 
potential 
(V) 

HER Free 
energy 
(eV) 

5-1 0.470 0.945 -0.518 
585-1 0.640 0.948 -0.662 
585-3 0.688 1.751 -0.478 
7557-1 0.483 1.288 -0.295 
7557-4 0.651 1.698 -0.187 
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A heterostructure coupling of exfoliated 

Ni-Fe hydroxide nanosheet and 

defective graphene as a bifunctional 

electrocatalyst for overall water splitting

 

 

 

 

 

 

 

This chapter has been published as Adv. Mater., 2017, 29, 1700017  
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4.1 Introduction 

The electrochemical/photoelectrochemical splitting of water to generate oxygen 

and hydrogen via oxygen evolution reaction (OER) and hydrogen evolution reaction 

(HER) provides a promising solution to energy supply such as hydrogen production, 

rechargeable metal-air batteries and fuel cells in the future.[1-5] Currently, the 

corresponding devices generally require noble metal catalysts, such as Ir/Ru for OER and 

Pt for HER to realize low overpotential and fast kinetics for practical applications.[5,6] 

However, the high cost as well as scarcity of such precious metals limit their widespread 

use on scale-up deployment. Over the past decade, a great deal of efforts and progress 

have been made towards exploring efficient OER and HER catalysts with earth-abundant 

materials, such as perovskites[7,8] and transition metal hydroxides/oxides for OER,[9-14] 

and metal compounds (MoS2,
[15,16], Mo2C,[17] WS2,

[18,19] Co-S,[20] Ni3S2,
[21] Ni(Co)P,[22,23] 

Ni-Mo[24,25]) and heteroatom-doped carbons for HER.[26] Nevertheless, it is difficult to 

pair the two electrode reactions together in an integrated electrolyser for real applications 

because the stability and activity of these catalysts are mismatch in wide pH ranges. For 

instance, MoS2 and WS2 function well in acidic media for HER, but underperform in 

alkaline electrolyte.[15,16,18,19] On the other hand, some catalysts such as the Fe-Co-Ni-Zn 

based layered double hydroxides (LDHs) exhibit superior catalytic activity for OER in 

alkaline media whereas almost no HER activity in the same electrolyte.[9-11,27,28] 

Importantly, alkaline water electrolysis as one of the mature technologies for hydrogen 

production has been utilized for several decades,[29] in which it offers high purity 

hydrogen (nearly 100%) by a moderate energy input,[30] so developing high active 

catalysts for both OER and HER in alkaline solution is desirable.[31] In addition, 

producing different catalysts (single function) for OER and HER requires different 

equipments and processes, which could raise the fabrication cost. Hence, it is highly 
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desirable to explore a bifunctional electrocatalyst with high activity towards both OER 

and HER in the same electrolyte to achieve the overall alkaline water electrolysis. 

   To rationally design the bifunctional electrocatalyst, there is a great interest in 

the study of nanohybrids named “van der Waals heterostructures”. A typical 

heteroassembly is of graphene and other two dimensional (2D) nanolayers, in order to 

achieve full potential of the multiple complementing 2D counterparts.[32] Generally, this 

kind of hybrid can exhibit an improved electrocatalytic activity due to the excellent 

structural features such as highly exposed active centers presented on 2D nanolayers, 

conductive graphene sheets, as well as strong synergistic effects between these 

components.[33,34] To further stabilize and disperse transition metals on carbon matrix, 

based on the electronegativity theory, heteroatoms doped graphene was approved to be 

more efficient for anchoring metal atoms (clusters) or 2D nanolayers.[35-37] More 

interestingly, carbon (graphene or other nanocarbon) with topological defects have 

recently received increasing interest in surface functionality and electocatalytic activities 

owing to the following factors: (1) defects on defective graphene (DG) provide more 

efficient anchor sites via strong π‒π interaction to directly couple transition metal atoms 

sites, leading to fast electron transfer kinetics and excellent stability;[38-41] (2) latest 

theoretical and experimental results suggested that specific defect types in carbon could 

be the active sites for ORR, OER and HER, respectively.[42-47]  

     Herein, we developed a bifunctional electrocatalyst for efficient water splitting, 

by electrostatic stacking of positively charged Ni-Fe hydroxide nanosheets (Ni-Fe LDH-

NS) and negatively charged defective graphene (DG) at a molecular scale. The 

corresponding merits are summarized as follows: (1) such a heterostructured composite 

(Ni-Fe LDH-NS@DG) maximizes direct interfacial contact between 3d transition metal 

atoms and defects on carbon by manipulation of structure-property correlation, 
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significantly enhancing electron transfer and shortening diffusion distance; (2) the DG 

has been employed as the building substrates due to its versatile features of highly active 

defective sites on layered structure, extraordinary specific surface area and superior 

conductivity; and (3) the layered Ni-Fe LDH-NS on DG sheets possesses distinct 

thickness, structure and dispersion, providing an ideal model for understanding the origin 

of catalytic activity. This material exhibited a remarkable performance for both OER and 

HER. The excellent OER and HER activity has been demonstrated by a solar power 

assisted water-splitting device, achieving a record of 20 mA cm-2 at a voltage of only 1.5 

V.  
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4.2 Characterization 

 

Figure 4.1 (a) Schematic illustration of the preparation of NiFe LDH-NS@DG 

nanocomposite. 

(b) XRD spectra of bulk NiFe LDH and exfoliated NiFe LDH-NS. AFM images of (c) 

exfoliated NiFe LDH-NS and (d) DG. (e) XRD patterns of exfoliated NiFe LDH-NS 

coupled with different types of graphene (DG, NG and G). (f) Transmission electron 

microscopic (TEM) characterization of NiFe LDH-NS@DG10 with low magnification 
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of the NiFe LDH-NS@DG10 composite. (g) A typical exfoliated LDH-NS anchored on 

DG with corresponding selected area diffraction pattern (inset). (h) STEM-HAADF and 

EDS mapping images of NiFe LDH-NS@DG10 composite. 

 

As shown in Fig. 4.1a, a single layered NiFe LDH-NS can be obtained after 

exfoliation process,[10,48] subsequently the exfoliated positively charged NiFe LDH 

nanosheets were hetero-assembled with negatively charged DG via electrostatic 

flocculation to form hybrid NiFe LDH-NS@DG nanocomposite. X-ray diffraction (XRD) 

was employed to examine the exfoliation of NiFe-CO3 LDH (Fig. 4.1b), which confirmed 

the bulk NiFe-CO3 LDH structure with the sharp (003) and (006) diffraction peaks.  In 

contrast, those two characteristic peaks were absent after exfoliation, indicating the 

exfoliation of bulk NiFe-CO3 LDH into single-layer NiFe LDH nanosheets.[10] 

Furthermore, a clear Tyndall effect of exfoliated NiFe LDH colloidal suspension was 

visible when irradiated with a laser beam (Fig. 4.1b inset), indicating the nanosheets are 

well dispersed in formamide.[10,48] Prior to the reconstruction of single-layer NiFe LDH 

and DG by self-assembling process, the atomic force microscope (AFM) was applied to 

investigate the thickness of exfoliated NiFe LDH and defective graphene. AFM image in 

Fig. 4.1c shows that the exfoliated NiFe-CO3 LDH nanosheet possesses a highly rough 

surface with defects and some small irregular pores. The measured thickness is around 

0.6 nm, slightly larger than crystallographic thickness of the LDH host layers (0.48 nm) 

due to surface absorption of water or organic molecules.[49] Fig. 4.1d shows AFM image 

of DG, with the similar thickness of ~ 0.6 nm, which is consistent with the thickness of a 

single layer of graphene. The reconstruction was carried out by mixing of NiFe LDH-NS 

with DG (NG or G for comparison) in the mass ratio of 9:1. The microstructures and 

composition of NiFe LDH-NS@DG (NG or G) hybrids were characterized by XRD, 
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Raman spectra and XPS. XRD patterns of NiFe LDH-NS@DG (G or NG)10 composites 

(Fig. 4.1e and Fig. S4.1) show that the intensities of NiFe LDH (with G) characteristic 

peaks indexed as the (003) and (006) are observed but very weak compared tot he original 

LDH, indicating only a small part of single layered LDH-NS re-assembled. The peaks for 

NiFe LDH-NS@NG10 are significantly lower and broader than those for NiFe LDH-

NS@G10, implying the better dispersion of exfoliated NiFe LDH-NS on NG. This may 

be attributed to the heteroatoms in NG for efficiently anchoring and dispersing 

transmission metal atoms of 2D materials.[35,37,40,41] Importantly, the peak intensity of 

NiFe LDH-NS@DG10 is further significantly reduced and almost invisible. It is indicated 

that the DG is more powerful for the LDH-NS dispersion and anchoring, preventing the 

re-assembly of NiFe LDH-NS, which should be beneficial for improving the catalytic 

performance. 

     Raman spectra (Fig. S4.2) of NiFe LDH-NS@DG10, NiFe LDH-NS@NG10 

and NiFe LDH-NS@G10 samples display the D band (1344 cm-1) and G band (1574 cm-

1) that are similar as compared to peaks in G, so the graphene structure keeps similar after 

the dispersion of the LDH-NS.[38] Fig. S4.2 inset shows that the ID/IG peak intensity ratios 

obtained for G, NiFe LDH-NS@G10, NiFe LDH-NS@NG10 and NiFe LDH-NS@DG10 

are 0.89, 1.06, 1.13 and 1.16, respectively, suggesting that the densities of defects and 

disorders within the samples also increase in the same order. The more defects should be 

beneficial for LDH-NS dispersion and anchoring. Accordingly, the ID/IG ratio of NiFe 

LDH-NS@DG exhibits the highest value, which is likely to lead to a more homogeneous 

distribution of NiFe LDH-NS on DG support. The composition and element valence of 

the heteostructure of NiFe LDH-NS@DG10 and NiFe LDH-NS@NG10 before and after 

re-assembly were investigated by X-ray photoelectron spectroscopy (XPS) (Fig. S4.3). 

The XPS survey scans of NiFe LDH-NS@DG10 and NiFe LDH-NS@NG10 (Fig. S4.3a) 
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reveals the existence of both Fe and Ni in the as synthesized hybrids, mostly in the +2 

and +3 oxidation state according to the high resolution Ni 2p and Fe 2p XPS spectra, 

respectively (Fig. S4.3b and c).  

Fig. 4.1f shows TEM observation on the NiFe LDH-NS@DG10 at low 

magnification. The morphology illustrates that NiFe LDH-NS are uniformly dispersed on 

the DG support, suggesting that exfoliated LDH nanosheets adhere to DG through 

electrostatic interaction due to their opposite charges. The selected area electron 

diffraction (inset in Fig. 4.1g) exhibits hexagonally arranged spots, indicating that 

exfoliated nanosheets on DG are still single crystalline, with the same phase as their 

original bulk LDHs. This result confirms that single layers of the two-dimensional 

octahedral (MO6) network were delaminated from the bulk LDH along the (00n) planes 

without a change of the basic structure of the layer.[27] The energy-X-ray Spectra confirm 

the composition of exfoliated NiFe LDH-NS@DG, in which the mass ratio of Ni and Fe 

is closed to 2:1 as designed (Fig. S4.4). The STEM-HAADF and EDS mapping analysis 

indicated a coincided distribution of Ni, Fe and O throughout the exfoliated NiFe LDH-

NS on DG, suggesting a heterostructure coupling of NiFe LDH-NS and DG (Fig. 4.1h). 
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4.3 Results and Discussion 

 

Figure 4.2 (a) OER linear sweeping voltammetry curves of different electrocatalysts in 1 

M KOH solution with inset of overpotential required at a current density of 10 mA cm-2. 

(b) Tafel plots for OER. (c) Chronopotentiometry curves of the NiFe LDH-NS@DG10 at 

constant current densities of 5 and 10 mA cm-1, respectively. (d) HER linear sweeping 

voltammetry curves of different electrocatalysts (i. Pt/C; ii. NiFe LDH-NS@DG10; iii. 

NiFe LDH-NS@NG10; iv. NiFe LDH-NS@G10; v. NiFe LDH-NS) in 1 M KOH 

solution. (e) Tafel plots for HER. (d) Polarization curves recorded for the NiFe LDH-

NS@DG10 before and after 8000 cycles of CV scan under basic conditions with inset of 

chronoamperometric curve of the NiFe LDH-NS@DG10 at the overpotential of 300 mV. 

 

Electrocatalytic properties of the different electrocatalysts were investigated with 

respect to OER in a typical three-electrode configuration in 1M KOH aqueous solution 

(4OH-→ O2+2H2O+4e-). The as-prepared catalysts were uniformly coated on glassy 
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carbon electrode (GCE) with a loading of 0.283 mg cm-2 and used as a working electrode. 

Fig. 4.2a exhibits representative linear sweep voltammetry (LSV) curves of NiFe LDH-

NS coupling with different graphene types (DG, NG or G) tested on GCE as well as 

exfolited NiFe LDH-NS itself and OER benchmark catalyst (Ir/C) for comparison. Apart 

from an additional electron-transfer process at around 1.37 V, which can be assigned to 

the Ni2+/Ni3+ redox reaction in LDH nanosheets,[9] we should emphasize that the NiFe 

LDH-NS@DG10 exhibits the smallest onset potential of 1.41 V and overpotential of 

0.21V at the current density of 10 mA cm-1 (Fig. 4.2a inset), outperforming most of the 

3d transition metal hydroxide/oxide OER catalysts reported to date (Table S4.1). It also 

shows the fastest kinetics, with a corresponding Tafel slope of 52 mV decade-1, which is 

much smaller than an original value of 89 mV decade-1 for NiFe LDH-NS (Fig. 4.2b). 

Impressively, NiFe LDH-NS@DG10 supported on Ni foam with a massive loading of 2 

mg cm-2 exhibits a significant larger current density than NiFe LDH-NS@NG10 and NiFe 

LDH-NS@G10 (Fig. S4.5). The best OER performance may be due to several reasons: 

(1) DG is more powerful for the LDH-NS dispersion and anchoring, which is coincided 

with XRD results (Fig. 4.1e); (2) the enhanced conductivity by graphene; and (3) the 

strong chemical and electronic coupling between exposed NiFe metallic active sites in 

NiFe LDH-NS and defective sites in DG. Electrochemical impedance spectroscopy (EIS) 

measurements were performed to confirm the hypothesis of the enhanced electron 

transfer (Fig. S4.6). The charge transfer resistance of NiFe LDH-NS@DG10 is smaller 

than that of original exfoliated NiFe LDH-NS at the potential of 1.40 V (close to the OER 

onset potential), supporting that the assembly of DG with NiFe LDH-NS at the molecular 

level facilitates the charge transfer. Besides that, as DG is more powerful for the LDH-

NS dispersion and anchoring, leading to larger relative electrochemically active surface 

area (EASA) for exposing more active sites as compared to counterparts by using NG or 
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G as a support (Fig. S4.7). Importantly, the stablity and durablity of NiFe LDH-

NS@DG10 catalyst were evaluated at the current densities of 5 and 10 mA cm-1, 

respectively. As shown in Fig. 4.2c, chronopotentiometric curves measured at a current 

density of 5 mA cm-1 indicate that the NiFe LDH-NS@DG10 catalyst retains an almost 

constant working potential at 1.424 V after stablization. When increasing the current 

density to 10 mA cm-1, the stabilized potential correspondingly increases to 1.442 V. The 

chronopotentiometric characterization results thus verify a good durability of NiFe LDH-

NS@DG10 catalyst, which may be attributed to the strong interaction of DG and LDH-

NS to prevent the aggregation of exfoliated LDH single nanosheets. Moreover, the 

Faradic efficiency was calculated as 99.2% after 5 hours’ chronoamperometric test at a 

anode current density of 100 mA cm-2 (see details in the Supporting Information). The 

TEM image of NiFe LDH-NS@DG10 collected after the chronoamperometric test (Fig. 

S4.9a) shows a negligible change, demonstrating the robust stability of NiFe LDH-

NS@DG10 in OER. 

Efficient HER catalysts in alkaline solutions such as transition metals (compounds) 

and their hybrid with heteroatom-doped carbons have been well investigated,[31,50-54] but 

their OER activities are poor in alkaline electrolyte. On the other hand, Fe-Co-Ni based 

layered double hydroxides (LDHs) with excellent OER in alkaline media normally 

exhibit almost no HER activity in the same electrolyte.[9-11,27,28] Therefore, it is highly 

important to develop high-performance bifunctional OER and HER catalysts for overall 

water splitting. The HER activities of NiFe LDH-NS@graphene (DG, NG, G) (which are 

the efficient OER electrocatalysts in alkaline solution as above studied) are also assessed 

on glassy carbon electrode in 1M KOH. The results show excellent HER activities as 

compared to pristine NiFe LDH-NS (barely HER activity) (Fig. 4.2d). The measured 

overpotentials at the current density of 10 mA cm-2 for the NiFe LDH-NS@DG10, NiFe 
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LDH-NS@NG10 and NiFe LDH-NS@G10 are 300 mV, 360 mV and 440 mV, 

respectively. The NiFe LDH-NS@DG10 also exhibits a smaller Tafel slope of 110 mV 

decade-1 in the linear region (Fig. 4.2e), which represents a fast reaction kinetics. When 

NiFe LDH-NS@DG10 is supported on Ni foam with a loading of 2 mg cm-2, it presents 

a small overpotential of only 115 mV to reach a current denstiy of 20 mA cm-2 (Fig. S4.8). 

It is noteworthy that there are few reports about LDH based catalyst possessing such a 

favorable HER activity, even comparable to transition metal chalcogenides and 

phosphides based catalysts reported to date in basic media (Table S4.2). The durability is 

excellent, as can be seen from Fig. 4.2f, the HER activity keeps almost unchanged after 

8000 cycles of CV scan. We also carried out the chronoamperometric test for the NiFe 

LDH-NS@DG10 at an overpotential of 300 mV as seen in Fig. 4.2f inset. It is evident 

that the current density is nearly constant during the continuous operation for 20000s. The 

Faradic efficiency was 97.3% after 5 hours’ chronoamperometric test at a cathode current 

density of 100 mA cm-2 (see details in the Supporting Information). The TEM image of 

NiFe LDH-NS@DG10 collected after the chronoamperometric test (Fig. S4.9b) shows 

the robust stability of NiFe LDH-NS@DG10 in HER. The excellent catalytic HER 

activity and durability of NiFe LDH-NS@DG may result from the following factors: (i) 

as compared to NG or G, defective sites on DG provide more efficient anchor sites to 

directly couple transition metal atoms (Ni and Fe) on 2D exfoliated NiFe LDH nanolayers; 

(ii) variable interfacial interaction between 3d transition metal atoms and defects on 

carbon significantly enhances density of electron transfer at specific domains; (iii) the 

incorporation of DG prevents the aggregation of exfoliated LDH nanosheets, leading to 

enlarge and stabilize the electrochemical active surface area. 

In our previous study, defects on graphene were confirmed to be functional as the 

catalytic active sites for HER, leading to a extremely high activity among the metal free 
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catalysts.[47] On the other hand, the exfoliated Ni-Fe LDH nanosheet was recognized as 

the ideal catalyst for OER.[10] Based on experimental results aforementioned, both the 

HER and OER activities are further enhanced after coupling of  DG and Ni-Fe LDH-NS, 

indicating the synergistic effect may play a vital role in HER and OER. Considering HER 

and OER are the two half reactions of overall water splitting, which are described as:  

2H2O + 2e– → H2 + 2OH–  (HER in alkaline electrolyte) 

4OH– → O2 + 2H2O + 4e–  (OER in alkaline electrolyte) 

 

Figure 4.3 (a) and (b) DFT calculation studies of Ni-Fe LDH-NS@DG (DG-5, DG-585 

or DG-7557) based composite. The top views (a) of optimized Ni-Fe LDH-NS@DG (DG-

5, DG-585 or DG-5775) based composite interfaces. (b) The side views of 3D charge 

density difference plot for the interfaces between a defective graphene sheet (DG-5, DG-

585 or DG-5775) and a Ni-Fe LDH-NS layer are demonstrated. Yellow and cyan iso-

surfaces represent charge accumulation and depletion in the 3D space with an iso-surface 

value of 0.002 e/Å3. Green, brown, silver, and red balls represent C, Fe, Ni, and O atoms, 

respectively. The different defect types and associated enhanced charge density areas are 

marked with a blue solid line and a blue dash line, respectively. (c) The schematic of the 

probable electrocatalytic mechanism of Ni-Fe LDH-NS@DG for HER and OER is 
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presented based on the DFT calculation results. The pink and purple spheres represent 

electrons and holes, respectively. 

 

Naturally, we supposed that the charge transfer between DG and Ni-Fe LDH-NS 

can efficiently enhance the HER and OER which is conducted by each components. To 

investigate the charge distributions on this heterostructure, we undertook a series of 

density function theory (DFT) calculations. Fig. 4.3a shows the geometries of the fully 

relaxed Ni-Fe LDH-NS@DG (DG-5, DG-585 or DG-5775) in top view and their charge 

density differences are shown in side view (Fig. 4.3b). It can be seen apparently that the 

electrons are redistributed after assembling the DG and Ni-Fe LDH-NS together, 

especially around the defect sites marked with blue dash frames in Fig. 4.3b. Electron 

transfer from Ni-Fe LDH-NS to graphene was observed in DG in contrast to negligible 

in G and NG (Fig. S4.10), revealing the electron accumulation at the defect sites in DG.  

Here, the localized electrons accumulation at the defect sites is supposed to 

enhance the HER. On the other hand, the electron transfer results in the holes 

accumulation on Ni-Fe LDH-NS, which is favor to OER. To be concluded, the hybrid of 

DG and Ni-Fe LDH-NS leads to the separation and redistribution of electrons and holes 

on DG and Ni-Fe LDH-NS respectively. The high density of electrons on DG facilitates 

HER, while the high density of holes on Ni-Fe LDH-NS improves the OER performance, 

as illustrated in Fig. 4.3c. The NiFe LDH-NS@G10 catalyst also show a sluggish activity 

to HER/OER, which may be attributed to its tiny amounts of native defects. The defects 

densities for pristine graphene and defective graphene are 2.5×1012 and 3.4×1012 cm-2 

respectively (the calculation details are provided in the supplementary). The high defects 



Chapter 4 

94 
 

density of defective graphene leading to the more reaction active sites in NiFe LDH-

NS@DG10, should be the origin of its high activities in HER/OER. 

 

Figure 4.4 (a) Linear sweeping voltammetry curve of NiFe LDH-NS@DG10 as OER and 

HER bifunctional catalyst in 1 M KOH for overall water splitting (both loaded into Ni 

foam at a loading of 2 mg cm-2), with the inset showing comparison of different catalysts 

including (i. NiFe LDH-NS@DG10 with 2 mg cm-2 loading; ii. NiFe LDH-NS@DG10 

with 1 mg cm-2 loading; iii. NiFe LDH-NS@NG10 with 2 mg cm-2 loading; iv. NiFe 

LDH-NS@G10 with 2 mg cm-2 loading; v. bare Ni foam electrode). (b) Comparison of 

the required voltage at a current density of 20 mA/cm2 for the NiFe LDH-NS@DG 

catalyst with other state-of-the-art noble metal free bifunctional catalysts. (c) 

Demonstration of a solar power assisted water-splitting device with a voltage of 1.5 V. 

 

Inspired by the promising half-cell performance in OER and HER, the NiFe LDH-

NS@DG10 hybrid material was used as a bifunctional catalyst to evaluate its 

performance in a prototype electrolytic cell at room temperature. Impressively, the overall 

water splitting performance of NiFe LDH-NS@DG10 bifunctional catalyst exhibits more 

superior electrolytic rate than NiFe LDH-NS@graphene (NG and G) catalysts (Fig. 4.4a 

inset). It is also noteworthy that higher loading for NiFe LDH-NS@DG10 (2 mg cm-2) 



Chapter 4 

95 
 

results in a better performance for overall water splitting performance with current density 

of 20 mA cm-2 at 1.5 V (Fig. 4.4a and inset). It is remarkable that our catalyst is ranking 

the best as compared to other non-noble metal bifunctional catalysts for overall alkaline 

water splitting (Fig. 4.4b).[13,14,55-61] Furthermore, to realize the real application in solar-

water electrolysis, we fabricated a solar power assisted water-splitting device (Fig. 4.4c). 

The evolution of both oxygen and hydrogen bubbles could be clearly observed by 

powering with a 1.5 V solar panel. Such a solar power assisted water-splitting device can 

be potentially applied in distributed energy storage technologies. 

4.4 Conclusions 

In summary, we have assembled a bifunctional (OER and HER) NiFe LDH-

NS@DG10 hybrid catalyst for water splitting by homogeneously stacking the exfoliated 

FeNi layered double hydroxide (LDH) cation sheets onto the negatively charged defective 

graphene (DG). This hybrid structure combines the high OER catalytic activity of the 

exfoliated FeNi LDH as well as the remarkable HER enhancement together with the 

charge conducting of DG synergistically. The as-prepared NiFe LDH-NS@DG10 hybrid 

exhibits advanced electrocatalytic activity and stability on OER in alkaline solution. The 

overpotential of catalytic OER is among the lowest of non-noble metal catalysts (as low 

as 0.21 V) and the Tafel slope is at 52 mV dec-1 which is much lower than that of the Ir/C 

catalyst (109 mV dec-1). In regards to HER in alkaline solution, the NiFe LDH-

NS@DG10 hybrid has exhibited extraordinary HER performance with a low 

overpotential (115 mV at 20 mA cm-2) and a small Tafel slope. The great OER and HER 

performance can be ascribed to defective sites on DG provide more efficient anchor sites 

to directly and strongly couple transition metal atoms (Ni and Fe) on 2D exfoliated NiFe 

LDH nanolayers, leading to significantly enhance density of electron transfer at specific 

domains. A solar power assisted water-splitting device was used to demonstrate the as-
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prepared NiFe LDH-NS@DG10 hybrid materials as bifunctional catalysts for both OER 

and HER. Significantly, the water splitting is driven by a solar panel of only 1.5 V. The 

discovery of this bifunctional NiFe LDH-NS@DG10 electrocatalyst highlights a new 

strategy of tuning structure and functionality of metal-carbon based catalyst at molecular 

scale, which would hold the promise for large-scale and real-world water splitting 

electrolyzers. 
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Supplementary Materials  

 

 

Figure S4.1 XRD patterns of (a) NiFe LDH-NS@DG10 with  2 times magnification; (b) 

NiFe LDH-NS@NG10 with 2 times magnification; (c) NiFe LDH-NS@G10 with 2 times 

magnification; and (d) NiFe LDH-bulk without mannification. 
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Figure S4.2 Raman spectra of NiFe LDH-NS@graphene based catalysts coupling with 

differnet graphene types (DG, NG and G) as well as pristine graphene. 

 

 

Figure S4.3 (a) XPS survey patterns of NiFe LDH-NS@DG10, NiFe LDH-NS@NG10, 

NiFe LDH-NS@G10, DG and NG. (b) High resolustion of Ni 2p sepctrum of  NiFe LDH-

NS@DG10. (c) High resolustion of Fe 2p sepctrum of NiFe LDH-NS@DG10. 
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Figure S4.4 Energy-dispersive X-ray Spectra of exfoliated LDH-NS@DG10. 

 

 

Figure S4.5 OER linear sweeping voltammetry curves of NiFe LDH-NS@DG10,  NiFe 

LDH-NS@NG10,  NiFe LDH-NS@G10 supported on Ni foam with a loading weight of 

2 mg cm-2 in 1 M KOH solution. 
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Figure S4.6 AC impedance spectra of NiFe LDH-NS@DG10 and NiFe LDH-NS at the 

potential of 1.40 V(close to the OER onset potential) in 1 M KOH. 

 

 

Figure S4.7 (a)(c)(e) CV conducted at potential from 0.05 V to 0.15 V vs RHE at scan 

rates of 10 mV/s, 20 mV/s, 30 mV/s, and 40 mV/s. (b)(d)(f) The current densities of anode 

and cathode measured at 0.1 V vs RHE with different scan rates. (a)(b), (c)(d) and (e)(f) 

are NiFe LDH-NS@DG10, NiFe LDH-NS@NG10 and NiFe LDH-NS@G10 

respectively. 
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Figure S4.8 HER linear sweeping voltammetry curves of NiFe LDH-NS@DG10 on Ni 

foam with a loading weight of 2 mg cm-2  and bare Ni foam in 1 M KOH solution. 

 

 

Figure S4.9 The TEM images of NiFe LDH-NS@DG10 collected after 5 hours’ 

chronoamperometric tests. (a) The chronoamperometric test was performed at a anode 

current density of 100 mA cm-2 (OER). (b) The chronoamperometric test was performed 

at a cathode current density of 100 mA cm-2 (HER). 
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Figure S4.10 DFT calculation studies of Ni-Fe LDH-NS@graphene (G and NG) based 

composites. The top views (left) of optimized Ni-Fe LDH-NS@graphene (G and NG) 

based composites interfaces and the side views (right) of 3D charge density difference 

plot for the interfaces between a graphene sheet (G and NG) and a Ni-Fe LDH-NS layer 

are demonstrated. Yellow and cyan iso-surfaces represent charge accumulation and 

depletion in the 3D space with an iso-surface value of 0.002 e/Å3. Green, brown, silver, 

red and purple balls represent C, Fe, Ni, O and N atoms, respectively.  

 

 

Figure S4.11 The linear sweeping voltammetry curves of Ni-Fe LDH-NS@DG in HER 

and OER using different referece electrodes and counter electrodes. (a) HER and (b) OER 

linear sweeping voltammetry curves of Ni-Fe LDH-NS@DG using Ag/AgCl electrode 

(black curve) and Hg/HgO electrode (red curve) as reference electrodes, respectively. The 
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counter electrode is Pt mesh. (c) HER linear sweeping voltammetry curves of Ni-Fe LDH-

NS@DG using Pt mesh (black curve) and glassy carbon rod (blue curve) as counter 

electrodes, respectively. The reference electrode is Ag/AgCl electrode. 

 

Table S4.1 Comparison of some representative solid-state OER catalysts recently 

reported for basic solutions. 

Catalysts 

Catalyst 

amount 

(mg cm-2) 

Current 

density j 

Overpotentials 

(vs RHE) at the 

corresponding  j 

Reference 

CoOx thin film N 10 mA cm-2 423 mV 
J. Am. Chem. Soc. 

2012, 134, 17253. 

Co3O4 

nanoparticle 
1 10 mA cm-2 328 mV 

J. Phys. Chem. C 

2009, 113, 15068. 

Co3O4/N-rmGO 1 10 mA cm-2 310 mV 
Nat. Mater. 2011, 10, 

780. 

Ni3S2/Ni 37 10 mA cm-2 187 
Energy Environ. Sci. 

2013, 6, 2921. 

perovskite 

Ba0.5Sr0.5Co0.8Fe0.

2O3-δ 

0.26 10 mA cm-2 362 mV 
Science 2011, 384, 

1383. 

perovskite 

SrNb0.1Co0.7Fe0.2

O3-δ 

0.46 10 mA cm-2 410 mV 
Angew. Chem. Int. Ed. 

2015, 54, 3897. 

Exfoilated NiCo 

LDH 
0.17 10 mA cm-2 367 mV 

Nano Lett. 2015, 15, 

1421. 

Exfoilated NiFe 

LDH 
0.07 10 mA cm-2 302 mV 

Nat. Commun. 2014, 

5, 9. 

NiFe LDH/CNT 0.20 10 mA cm-2 240 mV 
J. Am. Chem. Soc. 

2013, 135, 8452. 

NiFe LDH-

NS@DG10 
0.28 10 mA cm-2 210 mV This work 

 

Table S4.2 Comparison of some representative solid-state HER catalysts recently 

reported for basic solutions. 

Catalysts 

Catalyst 

amount 

(mg cm-2) 

Current 

density j 

Overpotentials 

(vs RHE) at the 

corresponding  j 

Reference 

Co-NRCNTs 0.28 10 mA cm-2 370 mV 
Angew. Chem. Int. 

Ed. 2014, 53, 4372. 
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Amorphous 

MoSx 
N 10 mA cm-2 540 mV 

Chem. Sci. 2011, 2, 

1262. 

Ni N 10 mA cm-2 400 mV 
Angew. Chem. Int. 

Ed. 2012, 51, 12703. 

MnNi 0.28 10 mA cm-2 360 mV 
Adv. Funct. Mater. 

2015, 25, 393. 

Ni/MWCNT N 10 mA cm-2 350 mV 
J. Power. Sources 

2014. 266, 365. 

CoOx@CN 2.1 20 mA cm-2 134 mV 
J. Am. Chem. Soc. 

2015, 137, 2688. 

Ni3S2/NF N 10 mA cm-2 223 mV 
J. Am. Chem. Soc. 

2015, 137, 14023. 

Ni5P4 on Nickel 

foil 
N 10 mA cm-2 150 mV 

Angew. Chem. Int. 

Ed. 2015, 54, 12361. 

NiFe LDH-

NS@DG10 
0.28 10 mA cm-2 300 mV This work 

NiFe LDH-

NS@DG10 
2 20 mA cm-2 115 mV This work 
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Defects on graphene trapping atomic Ni 

species for hydrogen and oxygen 

evolution reactions

 

 

 
 

 

 

This chapter has been published as Chem, 2018, 4, 285.  
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5.1 Introduction 

Electrochemical water splitting is widely considered to be a critical step for 

efficient renewable energy conversion via the hydrogen evolution reaction (HER) and 

oxygen evolution reaction (OER). To increase the reaction rate and lower the 

overpotential, many superior catalysts have been explored for HER and OER. Currently, 

Pt- and Ir/Ru-based materials are the commercial catalysts for HER and OER, 

respectively. However, the high cost and scarcity of these noble-metal-based catalysts are 

barriers to large-scale deployment. Thus, alternative electrocatalysts with high efficiency 

and low cost, such as transition metal-based catalysts, are urgently needed.1,2 

Nevertheless, there is still a long way to go before their atom efficiency is improved 

because only atoms on the surface of the catalysts can participate in HER or OER, greatly 

hampering the efficiency of material utilization during industrial upscaling.3 

To expose more active sites, these catalysts are generally downsized into 

nanoparticles or clusters or even single atoms immobilized onto certain substrates to 

provide an effective way to maximize atom efficiency.4,5 Although recently so-called 

single-atom catalysis (SAC) has emerged as a new research frontier in heterogeneous 

catalysis (which has exhibited excellent catalytic performance in CO oxidation,6,7 CO2 

reduction,7 the water-gas shift reaction,8and electrochemical and photoelectrochemical 

reactions9–11) the concept of SAC is vague because (1) the atomic metal interacts strongly 

with the substrate and exhibits valence states, and (2) it is not known how the atomic 

metal interacts with the atoms on the substrate (e.g., if metallic bonds are formed). A 

theoretical study indicated that atomic Ni shows higher activity than noble metal in CO 

oxidation, paving the way for a new strategy for designing non-noble-metal-based atomic 

Ni (aNi) materials for catalysis.7 Although much effort and progress have been made, 

currently the synthesis of atomically dispersed catalysts faces two major challenges: (1) 
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ultralow concentration (<0.5 wt %) of atomic metals (aMs) on the surface of an 

incorporated support because of the target of avoiding aggregation12–14 and (2) most aM 

synthetic routes involve sophisticated or harsh processing conditions (e.g., pyrolysis of 

metal-organic frameworks, the arc-discharge method, and electrochemical activation), 

which limit the use of aMs in wide applications.10,15,16 With regard to aMs in 

electrocatalytic reactions, although aM-based materials, such as atomic Ni- or Co-based 

catalysts, have shown excellent performance in the HER,9,16 their performance in the OER 

has rarely been explored. Generally, the oxidized electronic structure of metallic cations 

in compounds (e.g., NiFe-based hydroxides) promotes electron depletion of OH− in OER, 

which is attributed to redox reaction of metallic cations.17 With this understanding, 

intuitively, atomically metallic cations coordinated with electronegative atoms on the 

substrate interface could also be the redox reaction sites for enhancing the OER activity. 

Graphene is widely considered to be an ideal substrate to disperse single atoms for 

advanced electrocatalysis because of its large specific surface area, high electrical 

conductivity, and good stability.8,18,19 Generally, the atomic metals are trapped sparsely 

at the adsorptive sites, such as the edge of graphene, because of its unsaturated 

coordination (zigzag carbons or arm-chair carbons); however, the metal loading is low on 

graphene overall, because only the edges provide such trapping sites. Very recently, our 

group developed a defective graphene (DG) with a high density of defects, which 

potentially provides more efficient anchor sites via the strong charge transfer between the 

metal atoms and the 2π antibonding state of the carbon atoms for stabilizing aM species 

on the DG substrate.20 However, there is still a lack of profound insight into the catalytic 

origin of configurations of atomic metal atoms together with diverse carbon defects on 

DG, delaying our understanding of atomic metals interacted with defects. 



Chapter 5 

110 
 

Here, we report a facile and inexpensive strategy for fabricating a highly stable, 

atomically dispersed Ni catalyst on DG (A-Ni@DG) with Ni loading up to 1.24 wt % by 

an incipient wetness impregnation method and subsequent acid leaching. According to 

direct observation from high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) images and linear combination fitting (LCF) analysis of X-

ray absorption near-edge structure (XANES), the Ni-C configuration can be deduced. 

HAADF-STEM images clearly demonstrate that the aNi is trapped in the graphene 

defects to form an integrity of aNi@defect. Further density functional theory (DFT) 

calculations based on the three probable Ni-C configuration models elucidated that 

different Ni-C coordination conditions show different preferences toward HER and OER, 

which is a quite different catalytic mechanism from conventional metal-N-C catalysis. It 

is supposed that the aNi@defect provides the activity for HER or OER. As expected, A-

Ni@DG showed a high performance comparable with a commercial Pt/C catalyst for the 

HER. Its turnover frequency (TOF) was calculated to be 5.7 s−1 at 100 mV versus 

reversible hydrogen electrode (RHE) without decay during catalysis, which is the best 

result among the data reported to date. Interestingly, A-Ni@DG only needs a potential of 

1.5 V versus RHE to obtain a current density of 10 mA/cm2 in OER, much superior to the 

benchmark Ir/C catalyst. The excellent OER activity of atomic metallic materials 

coincides well with our proposed electrocatalytic mechanism in A-Ni@DG. More 

importantly, the stable HER and OER performances demonstrate robust immobilization 

of aNi on the DG substrate, which contributes to good tolerance for long-term reactions. 

Such a strategy for achieving stable aNi trapped by graphene defects may pave the way 

for designing atomically dispersed metallic electrocatalysts. 
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5.2 Characterization 

 

Figure 5.1 Preparation and Structure Characterizations of A-Ni@DG. (A) The fabrication 

schematic of A-Ni@DG. (B) STEM-EDS elemental mapping of A-Ni@DG. (C) 

HAADF-STEM image of A-Ni@DG. (D) Bright-field STEM image of A-Ni@DG with 

high resolution. The defective sites (vacant and with Ni single atom trapped) are marked 
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with red arrows. (E) The corresponding HADDF-STEM image of A-Ni@DG of (D). (F) 

The zoomed-in image of the defective area (vacantcy) marked with the yellow dashed 

frames in the bottom left of (E). (G) The zoomed-in image of the defective area (with Ni 

single atomatomic Ni trapped) marked with the yellow dashed frames in the top left of 

(E). The Di-vacancy is marked with the red dashed line. (H and I) Ni K-edge XANES 

spectra (H) and the K2-weighted Fourier transform spectra (I) of Ni@DG, A-Ni@DG, 

and the Ni foil reference samples. (J) The LCF analysis of XANES theoretical modeling. 

The red line is the superposition of the theoretical model simulations of the three 

configurations and fits the experimental data well. 

 

As shown in Fig. 5.1A, atomic Ni trapped by DG was synthetized by a facile two-

step method. First, Ni2+ cations were dispersed uniformly onto DG through incipient 

wetness impregnation. Followed by annealing reduction at 750°C in a nitrogen (N2) 

atmosphere, Ni nanoparticles supported on DG (Ni@DG) were prepared. We then 

removed the redundant Ni metals by hydrochloric acid (HCl) leaching treatment. Not 

surprisingly, it was found that abundant aNi formed on DG (A-Ni@DG) after such a 

facile leaching process, which is discussed later. 

The nanostructure of A-Ni@DG was characterized by transmission electron 

microscopy (TEM). A TEM bright-field image of A-Ni@DG displayed a much more 

fragmentized and porous 2D structure without any obvious nanoparticles (Fig. S5.1A and 

inset) compared with the Ni@DG counterpart (Fig. S5.1B), indicating the removal of 

deep-set Ni particles. However, energy-dispersive X-ray spectroscopy (EDS) mapping 

and the spectrum (Fig. 5.1B and S5.2) of A-Ni@DG show that the Ni element still exists 

uniformly on the defective graphene, which indicates some trivial Ni is invisible in these 
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relatively low magnitude observations. This implies that the residual Ni species may be 

at an atomic scale that is beyond such TEM resolution. Therefore, aberration-corrected 

high-resolution TEM (AC-HRTEM) was used to identify the A-Ni@DG sample. The 

HAADF image (Fig. 5.1C) clearly confirms the abundance of aNi (white dots) present in 

the A-Ni@DG catalyst; the average dot size is ∼0.24 nm. As a comparative sample, A-

Ni@G (pristine graphene) also shows the existence of atomic Ni species, but the density 

of Ni atoms (about 3.6 × 105 Ni/μm2; Fig. S5.3A and S5.3B) is much lower than that of 

A-Ni@DG (about 6.3 × 105 Ni/μm2), which also coincides with the results of 

thermogravimetric (TG) analysis (Fig. S5.4). The high loading of atomic Ni in A-Ni@DG 

may be attributed to the fact that, compared with pristine graphene (G), DG provides 

sufficient defects as trapping sites. The high-resolution bright-field HRTEM image (Fig. 

5.1D) shows that there are obvious sags and crests in the DG grid. They could be ascribed 

to the defective areas, which are further confirmed by the high-resolution HAADF-STEM 

image (Fig. 5.1E). The sags and crests are attributed to the Di-vacancy (Fig. 5.1F) and the 

Di-vacancy with trapped aNi (Fig. 5.1G), respectively. 

We performed X-ray absorption spectroscopy (XAS) measurements to verify that 

the isolated dispersed aNi was the only form of Ni present in A-Ni@DG and to further 

clarify the chemical state and coordination environment of aNi. As shown in the 

normalized XANES spectra at the Ni K-edge (Fig. 5.1H), the white line for A-Ni@DG 

exhibited different peak positions from Ni@DG and Ni foil, suggesting a diverse 

configuration of Ni species in A-Ni@DG. It is notable that the white-line prominent peak 

of A-Ni@DG is higher than that of the Ni@DG, suggesting the oxidized electronic 

structure of the aNi. This observation coincides well with the aforementioned X-ray 

photoelectron spectroscopy (XPS) results (Fig. S5.5) and previous studies on aNi.21 In 

contrast, the XANES spectrum of Ni@DG was close to that of Ni foil, revealing the 
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dominance of Ni0nanoparticles in Ni@DG, which also agrees well with X-ray diffraction 

(XRD), TEM, and XPS results (Fig. S5.6). In comparison with Ni@DG, the presence of 

a pre-edge peak at 8,343 eV in A-Ni@DG suggested that it was a four-coordinate Ni–C4 

structure with square-planar geometry instead of a tetrahedral configuration.22,23 The Ni–

C4 structure could also be intuitively deduced from the HAADF-STEM image (Fig. 5.1G). 

Further structural information about Ni atoms can be obtained from the extended 

X-ray absorption fine structure (EXAFS). The K2-weighted Fourier transform spectra of 

A-Ni@DG and Ni@DG in R space are shown in Fig. 5.1I the EXAFS curve of Ni@DG 

shows a dominant peak at 2.2 Å, corresponding to the Ni-Ni coordination.24 In clear 

contrast, A-Ni@DG shows three peaks located at 1.2, 1.6, and 2 Å, respectively, which 

can be assigned to different Ni-C coordination. Importantly, no appreciable Ni-Ni peak 

was detected in A-Ni@DG, confirming that Ni is predominantly present as atomically 

dispersed Ni ligated by specific carbon atoms at defect sites in graphene. Furthermore, 

the coordination numbers (CN) of Ni-C were 4, 5, and 2, deduced by the fitting 

parameters given in Table S5.1, implying different Ni-C configurations. 

To understand the coexisting mechanism of more than one Ni-C coordination in 

the sample of A-Ni@DG, we established three possible architectural models based on 

aNi trapped by different types of defects and then performed simulation analysis via LCF. 

Considering that aNi anchored on a Di-vacancy defect is a four-coordinate structure (Ni–

C4) with square-planar geometry consistent with the XANES result and that the D5775 

structure is an ordinary Stone-Wales graphene defect in which the trapped aNi can bond 

to seven adjacent carbon atoms contributed by the combination of CN(5) and CN(2), we 

simulated three types of Ni-C coordination: aNi anchored on Di-vacancy and D5775 and 

the perfect hexagons for comparison (Fig. S5.7). The calculated formation energies for 

these three models, illustrated by Table S5.2, reveal the robust thermodynamic stability 
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of Ni trapped in defective sites. As shown in Fig. 5.1J, the LCF analysis of XANES shows 

that the superposition of curve intensities of aNi anchored on Di-vacancy, D5775, and 

perfect hexagons with a ratio of 36:44:20 coincides very well with the XANES 

experimental data of A-Ni@DG. This result reveals the rational coexistence of the three 

types of Ni-C coordination we proposed, which is crucial to the DFT calculations of the 

reaction energy profiles, which are discussed later. 
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5.3 Results and Discussion 

 

Figure 5.2 Electrochemical hydrogen and oxygen evolution activities. (A) HER 

polarization curves of DG, Ni@DG, A-Ni@DG and Pt/C performed in 0.5 M H2SO4 

electrolyte. (B) The turnover frequency curve of A-Ni@DG and other catalysts reported 

by literatures for hydrogen evolution. Data was collected from references25-33. (C) OER 

polarization curves of DG, Ni@DG, A-Ni@DG and Ir/C performed in 1 M KOH 
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electrolyte. (D) The turnover frequency curve of A-Ni@DG and other catalysts reported 

by literatures for oxygen evolution. Data was collected from references34-43. (E) Photos 

of working electrode using A-Ni@DG as catalyst during CV measurement from -0.1V to 

-0.3V vs RHE are shown for observing HER. The photos were taken with 5 seconds 

intervals. 

 

Electrocatalytic activities were evaluated by a three-electrode system with a 

rotation rate of 1,600 rpm to get rid of the generated gas bubbles. The HER performance 

was investigated in a 0.5 M H2SO4 solution. As shown in Fig. 5.2A, A-Ni@DG exhibited 

superior HER catalytic activity that was highly comparable to that of the commercial Pt/C 

catalyst and remarkably outperformed the DG and Ni@DG catalysts. Specifically, the 

overpotential required to reach a current density of 10 mA/cm2 for A-Ni@DG was as low 

as 70 mV, much lower than that of DG (155 mV), Ni@DG (84 mV), and other Ni-based 

catalysts (Table S5.3). Moreover, the Tafel slope (Fig. S5.8) of A-Ni@DG was as low as 

31 mV/dec, comparable to the theoretical Tafel slope (∼29 mV/dec), demonstrating that 

A-Ni@DG in the HER involves the Volmer-Tafel reaction pathway.25,26Comparably, the 

Tafel slopes for Ni@DG and DG were 44 and 55 mV/dec, respectively, illustrating the 

Volmer-Heyrovsky reaction pathway. This finding implies that the catalytic mechanism 

of the atomic Ni-based catalyst for HER is different from the metallic Ni bulk-based 

catalyst. Atom-scale tailoring of the electronic state density of Ni derived from the 

coordinated carbon atoms is suspected to be the origin of the low Tafel slope for A-

Ni@DG. 

To quantitatively evaluate the catalytic efficiency of active sites in the A-Ni@DG 

catalyst, we created a plot of turnover frequency (TOF; Fig. 5.2B) by assuming that all 
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aNi@defects are active sites (determined by inductively coupled plasma [ICP] analysis) 

contributing to the HER reaction. Remarkably, the A-Ni@DG catalyst exhibited much 

higher TOF values (more than ten times) than those of non-precious-metal-based catalysts 

at various overpotentials, suggesting the high efficiency of utilizing Ni in the A-Ni@DG 

catalyst. Furthermore, the TOF of A-Ni@DG was also better than that of the atomic cobalt 

dispersed on graphene (plotted as the black line in Fig. 5.2B),9 indicating that aNi is more 

feasible for the HER than atomic cobalt. The quick emigration of the hydrogen bubbles 

also confirmed the fast kinetics of heterogeneous electron transfer in the A-Ni@DG 

catalyst (Fig. 5.2E). In addition, negligible decay (Fig. S5.9) and no obvious aNi 

aggregation (Fig. S5.10) were observed after 2,400 cyclic voltammetry (CV) cycles. This 

result demonstrates that A-Ni@DG is a robust and stable HER catalyst in acid solution. 

The HER activity of this catalyst was also evaluated in 1 M KOH solution (Fig. S5.11A). 

The result showed very good HER activity as well, although it was not as good as Pt/C 

and in acid (Fig. 5.2A), which may be due to the different pathways of HER in alkaline 

and acid. However, the coordination structures of the Ni and C defects showed much 

higher activity in alkaline solution than graphene defects.20Moreover, the catalyst showed 

excellent stability for HER in alkaline solution (Fig. S5.11B). 

The catalytic capacity of A-Ni@DG for the OER was assessed in 1 M KOH 

solution. As shown in Fig. 5.2C, the A-Ni@DG required only a small overpotential of 

270 mV to reach a current density of 10 mA/cm2, which was superior to that of DG (340 

mV), Ni@DG (310 mV), the benchmark Ir/C catalyst (320 mV), and other Ni-based 

catalysts (Table S5.4). Furthermore, the Tafel slopes of A-Ni@DG and Ir/C were 47 and 

82 mV/dec, respectively (Fig. S5.12), revealing a faster charge transfer in A-Ni@DG 

catalyst during the OER process. The faradic efficiency was calculated as 98.6%, ruling 

out the possibility of carbon electrocatalytic oxidation. Impressively, the TOF of A-
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Ni@DG was the highest among these transition-metal-based materials at various 

overpotentials for OER (Fig. 5.2D). In addition, chronopotentiometric curves measured 

at current densities of 5 and 10 mA/cm2 indicate that A-Ni@DG maintained continuous 

reactivity with constant currents (Fig. S5.13). The notably improved catalytic 

performance of A-Ni@DG for OER over that of Ni@DG and DG further confirms that 

aNi is superior to metallic Ni bulk in OER as a result of the tuned electronic structure of 

central Ni atoms coordinated with carbon atoms. This plausible explanation is also 

supported by a previous study of a Ni–N–C and Ni–O–C coupling effect in enhanced 

oxygen evolution as a result of a tuned electronic environment at the metal-non-metal 

interface, facilitating the oxidation of OH− into peroxide.46 

Obviously, aNi has a natural advantage over conventional catalysts in TOF. To 

better compare performance between A-Ni@DG and Ni@DG for realistic applications, 

we also calculated the specific activities by normalizing the performances to the 

electrochemical active surface area (EASA) (Fig. S5.14A–D). Fig.s S6.14E and S6.14F 

show the specific activities of A-Ni@DG and Ni@DG for HER and OER, respectively. 

A-Ni@DG exhibited higher activities than Ni@DG for both HER and OER. 



Chapter 5 

120 
 

 

Figure 5.3 Comparison of HER and OER activities and durabilities on DG and G as 

supports for trapping atomic Ni. (A and B) HER (A) and OER (B) polarization curves of 

A-Ni@DG, A-Ni@G and Pt/C performed in 0.5 M H2SO4 electrolyte and 1 M KOH 

electrolyte respectively. (C) The comparison of the Tafel slope, the specific activity 

obtained at a potential of -0.1 V vs RHE for HER and 1.5 V vs RHE for OER and the Ni 

content obtained by ICP and TG analysis between A-Ni@DG and A-Ni@G. The heights 
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of the A-Ni@DG bars are normalized and the heights of the A-Ni@G bars are altered 

accordingly. (D) The chronopotentiometry curves of A-Ni@DG and A-Ni@G at a 

cathodic current density of 5 mA/cm2 in 0.5 M H2SO4 electrolyte. (E) The 

chronopotentiometry curves of A-Ni@DG and A-Ni@G at an anodic current density of 

5 mA/cm2 in 1 M KOH electrolyte. 

 

To investigate the role of carbon defects as anchoring sites for efficiently trapping 

aNi in the application of electrochemical reactions, we examined the corresponding HER 

and OER activities of A-Ni@G as the control sample, as shown in Fig. 5.3A and 5.3B, 

respectively. As expected, A-Ni@G exhibited much lower HER activity (an overpotential 

of 140 mV at a current density of 10 mA/cm2 and a higher Tafel slope [45 mV/dec]) than 

that of A-Ni@DG. The specific activity of A-Ni@DG for HER was 0.24 mA/cm2, more 

than 12-fold higher than that of A-Ni@G (Fig. 5.3C). Analogously, for OER, the A-

Ni@G also underperformed in comparison with A-Ni@DG. The charge-transfer 

resistance of A-Ni@DG and A-Ni@G was 20 and 13 Ω, respectively (Fig. S5.15), which 

implies that the higher activity of A-Ni@DG cannot be ascribed to the impedance effect. 

Moreover, aNi in A-Ni@G was also in an oxidized state (Fig. S5.3C), like aNi in A-

Ni@DG. The TEM images (Fig. S5.3 and 5.1C) clearly show a higher atomic Ni density 

in A-Ni@DG, resulting in a larger amount of aNi@defect on the catalyst, according to 

the ICP and TG analyses (Fig. 5.3C). In this case, the coordination structures of 

aNi@defect play key roles in electrocatalytic activities. Moreover, the good stability of 

A-Ni@DG and A-Ni@G over 10 hr of continuous HER (Fig. 5.3D) and OER (Fig. 5.3E) 

demonstrate the robust immobilization of aNi on the graphene substrate, which can be 

tolerant for long-term reactions. 
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Figure 5.4 Mechanistic Study of Catalytic Active Sites on A-Ni@DG. (A–C) Illustrations 

of three different types of catalytic active sites corresponding to a single Ni atom 

supported on (A) perfect hexagons, (B) D5775, and (C) Di-vacancy. (D–F) The projected 

densities of state (PDOS) with respect to the three configurations: (D) perfect hexagons, 

(E) D5775, and (F) Di-vacancy. (G and H) Energy profiles of the three configurations 

(A–C) for HER (G) and OER (H), respectively. 
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Apparently, the coupling of DG and aNi is crucial for synergistically boosting the 

HER and OER performances of A-Ni@DG catalyst. To provide an in-depth theoretical 

understanding, we carried out systematic DFT calculations to study the structure-property 

correlation of Ni-C coordination and electrocatalytic activities. According to the 

difference in the electronegativity of Ni (1.9) and C (2.5), the charges are inevitably 

deviated when they coordinate. Electrons prefer to accumulate on the carbon atoms, thus 

the carbon atoms will be negatively charged. A similar situation in the charge 

redistribution was calculated by DFT for NiFe-LDH@DG,47 which showed obvious 

electron transfer from the Ni atoms to the carbon. Fig. 5.4A–5.4C show the three typical 

configurations of aNi anchored on DG according to the LCF analysis of XANES curves. 

Fig. 5.4D–5.4F present the energy-level split and the density of state of 3d-orbitals of aNi. 

Clearly, the electronic structure of Ni can be significantly affected by the adjoining carbon 

atoms. According to d-band center theory, the d band of the substrate will interact strongly 

with highest occupied molecular orbitals and lowest unoccupied molecular orbitals of the 

adsorbate in most absorption conditions48 as a result of very high electron densities near 

the Fermi level, which can facilitate the absorption of adsorbates. In this case, aNi 

trapping in a perfect hexagon site or D5775 shows obvious higher density of state (DOS) 

near the Fermi level than that of aNi@Di-vacancy, indicating stronger interactions 

between the substrate and the adsorbates (e.g., H+ for HER, OH− for OER). For the aNi 

on Di-vacancy, the DFT calculation indicates that the interaction between hydrogen and 

aNi is weaker than that between hydrogen and carbon; thus, the adsorption sites for aNi 

on Di-vacancy are the four carbon atoms marked 1–4 in Fig. 5.4C. It can be seen clearly 

from Fig. 5.4G that the desorption energy of H2on aNi@D5775 is close to that of Pt, 

whereas the desorption energies of H2 on aNi in perfect graphene and Di-vacancy 

graphene are higher, suggesting lower activities for the HER. 
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For OER, the correlated process involves four elementary steps: (1) OH−is 

adsorbed on the active sites of the catalyst and forms OH*, (2) OH* is dissociated into 

O*, (3) O* bonds with OH− and forms OOH*, and (4) OOH* is desorbed from the 

catalysts, and the final product O2 is released. To study the origin of the high OER activity 

of A-Ni@DG, the free energy profile was investigated (Fig. 5.4H), indicating that Di-

vacancy demonstrates a diverse catalytic mechanism compared with the other two 

configurations. At the equilibrium potential, the ΔG of the first step for aNi@Di-vacancy 

is positive, implying that this step is thermally unspontaneous. For aNi@D5775 and the 

perfect hexagon, the last step possessed the largest uphill Gibbs free energy difference. 

With a bias potential, the free energy of the intermediates, reactants, and products was 

apparently altered, and the elementary steps were thermally spontaneous. aNi@Di-

vacancy presented the narrowest potential of 0.855 V, revealing its high activity toward 

OER. The origin of the different reaction characteristics for these three configurations 

can be reflected in the different bonding strength of the adsorbates on the three active 

sites. On the basis of the aforementioned DOS, the bonding strength of the adsorbate and 

aNi@D5775 or perfect hexagon is much stronger than the bonding strength of the 

adsorbate and aNi@Di-vacancy, resulting in a high dissociation energy. Therefore, the 

interaction between aNi@Di-vacancy and adsorbate is the most optimal for the OER with 

the narrowest Gibbs free energy; the other two types of aNi species (aNi@D5775 and 

perfect hexagon) are not appealing to the OER. 

On the basis of the above structure-property analysis by DFT calculations, it can 

be concluded that different coordinated configurations of aNi and defects show a high 

catalytic preference to facilitate the HER and OER. Experimentally, diverse types of 

defects are presented in graphene to serve as Ni anchor sites. The integrity of aNi and the 

defects is responsible for the electrochemical reactions. This is completely different from 
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the traditional catalyst in which the metal particles are active sites and the carbon is a 

substrate. 

5.4 Conclusions 

In summary, A-Ni@DG was synthesized with Ni loading up to 1.24 wt % by a 

facile acid-leaching strategy. HADDF-STEM images confirmed the uniform dispersion 

of single Ni atoms on the DG substrate. A-Ni@DG shows exceptionally high activity and 

stability for HER (comparable with a commercial Pt/C catalyst) and OER (outperforming 

an Ir/C catalyst) as well as record-breaking high TOF values (5.7 s−1 at 100 mV for HER 

and 13.4 s−1 at 300 mV for OER). The remarkable performance of A-Ni@DG arises from 

the unique configurations of atomic Ni in the defects (as confirmed by XAS and DFT 

analysis), which modify the electronic structure of the trapped aNi to minimize the 

reaction energy barrier for HER and OER. The structure of aNi trapped in the Di-vacancy 

was observed by HADDF-STEM technology, which provides direct evidence of the Ni-

C configuration. Importantly, A-Ni@DG exhibits very high stability. Our work provides 

a promising approach for designing highly active and stable next-generation catalysts on 

the basis of the interaction between single-non-precious-metal atoms and carbon defects. 
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Figure S5.1 The TEM image of Ni@DG. (A) DG. Inset is the edge area of DG with high 

resolution. (B) Ni@DG. 

 

 

Figure S5.2 The STEM-EDS spectrum of A-Ni@DG. 

 

 

Figure S5.3 (A)(B) The TEM image of A-Ni@G. (A) The HAADF-STEM image. (B) 

The correlated bright field image. (C) The XPS spectra of A-Ni@G. 
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Figure S5.4 Thermogravimetric analysis of A-Ni@DG and A-Ni@G. 

 

 

Figure S5.5 The XPS pattern of A-Ni@DG. 
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Figure S5.6 The crystal structure analysis. (A) XRD patterns of Ni@DG and A-Ni@DG. 

(B) TEM image of Ni@DG. (C) High resolution image of area c marked in (B). (D) The 

XPS spectra of Ni@DG. 

 

 

Figure S5.7 Three models calculated in the LCF analysis corresponding to XANES 

curves. (A) Perfect hexagon, (B) D5775 and (C) Di-vacancy. 
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Figure S5.8 The Tafel plots of Pt/C, DG, Ni@DG and A-Ni@DG for HER in the 0.5 M 

H2SO4 solution. 
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Figure S5.9 The durability test of A-Ni@DG for HER. The polarization curves were 

recorded initially and after 2400 CV sweeps at rate of 100 mV/s. 

 

 

Figure S5.10 HADDF-STEM images of A-Ni@DG collected after long-term HER 

process. 
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Figure S5.11 (A) The HER polarization curves of A-Ni@DG and Pt/C performed in 1 M 

KOH electrolyte. (B) The durability of A-Ni@DG for HER in 1 M KOH electrolyte. The 

polarization curves were recorded initially and after 2400 CV sweeps at rate of 100 mV/s. 

 

 

Figure S5.12 The Tafel plots of Pt/C, DG, Ni@DG and A-Ni@DG for OER in the 1 M 

KOH solution. 
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Figure S5.13 Chronopotentiometry curves of A-Ni@DG at current densities of 5 mA/cm2 

and 10 mA/cm2 respectively. 
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Figure S5.14 (A)(C) CV conducted at potential from 0.05 V to 0.15 V vs RHE at scan 

rates of 10 mV/s, 20 mV/s, 40 mV/s, 60 mV/s, 80 mV/s and 100 mV/s. (B)(D) The current 

densities of anode and cathode measured at 0.1 V vs RHE with different scan rates. (A)(B) 

and (C)(D) are Ni@DG and A-Ni@DG respectively. (E)(F) The spcific activity of 

Ni@DG and A-Ni@DG for HER (E) and OER (F). 
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Figure S5.15 The Nyquist plots of A-Ni@DG and A-Ni@G. 

 

 

Figure S5.16 The standard-deviation method is used to evaluate the resulting activities of 

A-Ni@DG in HER and OER. The overpotentials were obtained at the current density of 

10 mA/cm2. 
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Table S5.1 R space curve fitting results of Ni-C coordination. 

Model Path# Path CN(f) R DW E0 

Divacancy 1 Ni-C 4 1.78 0.0100 

-7.9 
D5775 

2 Ni-C 5 1.99 0.0071 

3 Ni-C 2 2.29 0.0039 
 

Table S5.2 The formation energy (eV) for single Ni on different graphene. 

Ni@perfect Ni@D5775 Ni@Di-vacancy 

-0.98 -1.34 -5.20 

 

We calculated the formation energy for single Ni on different adsorptive sites and found 

that Ni@perfect showing the least stability. 

The formation energy of single atom Ni on perfect, 5775, and 585 graphene are calculated 

by following Equation. 

𝐸𝑓 = 𝐸𝑁𝑖@𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 − 𝐸𝑁𝑖 − 𝐸𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒  

Where 𝐸𝑁𝑖@𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 , 𝐸𝑁𝑖 , and 𝐸𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒  is the total energies of single metal atom 

decorated graphene, single Ni atom, and graphene, respectively. The results are listed in 

Supplementary Table 1. 

As we can see, Ni on perfect graphene is unstable with the least negative formation energy. 

The defect on graphene can significantly enhance single atom adsorption with more 

negative formation energy and thus avoid the aggregation of Ni-atoms. The most stable 

adsorption configuration for single Ni@Di-vacancy defect with a very large formation 

energy, followed by Ni@D5775. This is to demonstrate single atom on defect which is 

agreement with experiment. 
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Table S5.3 Comparison of the electrocatalytic activity of Ni based catalysts for HER. The 

potentials listed are obtained at a current density of 10 mA/cm2. 

Catalysts Electrolyte Catalyst loading 

amounts 

(mg/cm2) 

Potential (V 

vs RHE) 

Reference 

NiO/Ni-CNT 1 M KOH 0.4 -0.08 Nat. Comm., 2014, 5, 4695 

Ni-CNT 1 M KOH 0.4 -0.21 Nat. Comm., 2014, 5, 4695 

NiO -CNT 1 M KOH 0.4 -0.47 Nat. Comm., 2014, 5, 4695 

Ni2P/G on Ni foam 1 M KOH N/A -0.09 J. Mater. Chem. A, 2015 3, 1941 

NiP2 nanosheet arrays 

on carbon cloth 

1 M KOH 4.3 -0.27 (at 100 

mA/cm2) 

Nanoscale, 2014, 6, 13440 

Ni2P 0.1 M KOH 0.45 -0.28 J. Phys. Chem. Solids,  2015, 80, 22 

NF/Ni0.03 1 M KOH N/A -0.25 Appl. Surf. Sci., 2014, 313, 512 

A-Ni@DG 1 M KOH 0.26 -0.15 This work 

Ni2P/CNT 0.5 M H2SO4 0.18 -0.13 J. Mater. Chem. A, 2015, 3, 13087 

Ni12P5/CNT 0.5 M H2SO4 0.18 -0.24 J. Mater. Chem. A, 2015, 3, 13087 

Ni2P on carbon 

nanosheets 

0.5 M H2SO4 0.18 -0.09 J. Power Sources, 2015, 285, 169 

Ni5P4 0.5 M H2SO4 177 -0.12 Energy Environ. Sci., 2013, 8, 1027 

Ni2P on NRGO 0.5 M H2SO4 0.18 -0.10 J. Power Sources, 2015, 297, 45 

Ni2P on RGO 0.5 M H2SO4 0.18 -0.27 J. Power Sources, 2015, 297, 45 

Nanostructured Ni2P 0.5 M H2SO4 1 -0.12 J. Am. Chem. Soc., 2013, 135, 9267 

A-Ni@DG 0.5 M H2SO4 0.26 -0.07 This work 

 

 

Table S5.4 Comparison of the electrocatalytic activity of Ni based catalysts for OER. The 

potentials listed are obtained at a current density of 10 mA/cm2. 

Catalysts Electrolyte 

Catalyst loading 

amounts 

(mg/cm2) 

Potential (V vs RHE) Reference 

Nickel 1 M KOH N/A 1.6 
J. Solid State Electrochem. 2008, 

12, 1469 

β-NiOOH 0.1 M KOH ~ 0.129 (µg/cm2) 1.67 (at 1 mA/cm2) 

J. Phys. Chem. C, 2012, 116, 

8394 

 

Ni/NG 0.1 M KOH 1.74 1.63 (at 100 mA/cm2) 
Energy Environ. Sci., 2013, 6, 

3693 
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Ni/NG 1 M KOH 1.74 1.62 (at 100 mA/cm2) 
Energy Environ. Sci., 2013, 6, 

3693 

NiO2 

nanosheets 

array on 

carbon cloth 

0.1 M KOH N/A 1.64 

Int. J. Hydrogen Energy, 2015, 

40, 9866 

 

NiSx 1 M KOH N/A 1.58 Chem. Mater., 2016, 28, 1155 

Porous Ni-P 

foam 
1 M KOH N/A 1.56 J. Mater. Chem. A, 2016, 4, 5639 

Ni-P 1 M KOH 0.2 1.53 
Energy Environ. Sci., 2016, 9, 

1246 

A-Ni@DG 1 M KOH 0.26 1.5 This work 
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Coordination of atomic Co-Pt coupling 

species at carbon defects as 

electrochemical Janus active sites
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6.1 Introduction 

Platinum (Pt) is the benchmark electrocatalyst for the oxygen reduction reaction 

(ORR)1-5 and hydrogen evolution reaction (HER)6, 7, exhibiting high activities. However, 

the high cost and the natural scarcity of Pt still hamper its industrial implementation. 

Downsizing the Pt particles to expose more Pt atoms on the surface (rendering higher 

atom efficiency) is a viable strategy to enable Pt based catalysts more affordable. 

Generally, when particle sizes are further reduced to the nanoscale, quantum size effects 

will be induced in the catalysts, which not only alter the surface energy due to the 

unsaturated coordination, but change the d state energy of metal atoms leading to spatial 

electron localization8, 9. This size-induced change of electronic structures at active sites 

will subsequently tailor the binding capability with the diverse species of reactants (e.g. 

O2 in ORR or H+ in HER), thus increases in the activities of catalysts of the 

electrocatalytic reactions are attainable.        

Recently, the so-called single-atom catalyst (SACs) have sparked new interests in 

heterogeneous catalysis, maximizing the atom efficiency and demonstrating excellent 

catalytic performance in CO oxidation10-12, water-gas shift (WGS) reaction13, 14, and 

electrochemical/photoelectrochemical reactions15-17. However, the development of SACs 

in electrocatalysis is still in its infancy, as several issues are urgently to be addressed. (i) 

SACs are not really “atoms” (i.e. zero valence state), as the atomic metal species interact 

strongly with the neighbouring atoms on support and exhibit valence states. This pivotal 

fact pushes us to reconsider that the active sites in SACs are originated from the unique 

coordination structures between the single metal atoms and surround non-metallic atoms 

of the support; (ii) Optimize the electronic structure on the active sites by modulating the 

coordination environment of metal atoms (MAs) has become a critical route to enhance 

the reactivity of the active sites. Take the MA-N-C (MA = Fe or Co) coordination 
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structure for an example, the MA-N2 moieties as active centres have been reported more 

efficient for ORR than those of MA-N4 moieties, which is ascribed to the more suitable 

interaction of MA-N2 moieties with *O2 and *OH intermediates15, 18. (iii) Selectivity in 

SACs for specific electrochemical reactions is important. For instance, the isolated atomic 

Pt species (denoted as IA-Pt) were reported to possess a high selectivity for the production 

of H2O2 via a 2e- pathway (𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂2) rather than H2O via a 4e- pathway 

( 𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂 ). This is because the breaking of the O-O bond is not 

energetically favourable on the isolated atomic Pt sites19-21. However, it is possible to alter 

the reaction to a 4e- pathway for ORR by putting another Pt (or different metal) atom at 

a certain distance. (iv) The research on this atomic interaction between metallic atoms in 

a certain local environment may provide insightful understanding of “synergetic effect”. 

The so-called “synergetic effect” has been extensively used, but it is very rare to studies 

on its origination, especially at the atomic level. Therefore, it is imperative to get an in-

depth insight into the interactions between the atomic metal species and local 

environment on the support (e.g. atomic metal-nonmetal coordination), which may direct 

us to design the new generation of atomic metal catalysts with high activity and selectivity. 

Very recently, our group developed a defective graphene (DG) with a high density of 

structural defects22. Besides the defects themselves activating the electrochemical 

reactions according to the proposed defect mechanism22, defects are highly likely to 

provide unique sites for trapping metallic species23, 24. Due to the different structures and 

sizes of the defects, one or more metal atoms might be trapped into one specific defect, 

providing the possibility of studying the interaction between the single metal atom and 

neighboring nonmetal atoms, the interaction between the metal atom pairs (in this case 

atomic Pt-Me (Me=Co/Pt) coupling species) and the interaction between the metal atom 

pair and the neighboring nonmetal atoms. Additionally, compared to the metal oxide 
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supports, defective carbon presents a high tolerance in electrolyte environments at a wide 

range of pH, which enables the catalyst to work in alkaline, neutral and acid electrolytes, 

especially for HER in this study.  

Herein, we report a new class of atomic Co-Pt carbon/N based catalyst (denoted 

as A-CoPt-NC) that directly utilized the induced defects in the shell of carbon capsules 

to form atomic Co-Pt-N-C coordination structures as active sites through electrochemical 

activation. According to the analysis of X-ray absorption near-edge structure (XANES), 

the atomic configurations between Co/Pt and N/C can be deduced. Direct observation 

from HAADF-STEM image clearly demonstrates that the atomic metals (Co/Pt) are 

trapped into a vacancy type defect to form integrity of atomic Co-Pt-N-C coordination 

structures. Experimentally, the obtained A-CoPt-NC catalyst exhibited very high activity 

and robust stability for the ORR in alkaline solution, delivering the specific 

(electrochemical active surface area (EASA) normalized to Pt mass) and mass activities 

of 85 and 267 times greater than those of the commercial Pt/C catalyst, respectively. 

Meanwhile, the activity has no obvious decay after a 240 min electrochemical durability 

test. The atomic Pt shows high selectivity for the 4e- pathway in ORR, which is different 

from the counterpart reported in former literatures19-21. Furthermore, A-CoPt-NC exhibits 

extremely high activities in HER under all pH (acidic, neutral and alkaline) conditions. 

Density functional theory (DFT) calculations on model structure developed based on the 

observed and other possible Co-Pt-N-C configurations reveal that atomic Pt-Me 

(Me=Co/Pt) coupling at the carbon defects (denoted as a(Pt-Me)@ NXVY where X is the 

number of nitrogens surrounding the defect and Y is the number of carbon atoms removed) 

can significantly tailor the electronic structure of the metal atoms and alter the charge 

distribution at the coordination structures, thereby enhancing the specific electrocatalytic 

performances (a(Pt-Co)@N8V4 for ORR and a(Pt-Co)@N6V4 for HER). 
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6.2 Characterization 

 

Figure 6.1 Preparation and morphology characterization of A-CoPt-NC. a, Schematic 

illustration of the synthesis procedure of A-CoPt-NC. b, An optical photo of the Co-MOF 

crystal. The inset image shows Co-MOF in the DMF solution. c, TEM images of the Co-

NC composite. The inset TEM image demonstrates the core-shell structure.  d, TEM 

images of A-CoPt-NC. The inset TEM image demonstrates the hollow graphitic shells. 

 

A-CoPt-NC was fabricated by a facile two-step synthesis strategy with the 

precursor of rod-like cobalt-metal organic framework (Co-MOF) as shown in Fig. 6.1a. 

In the first step, the as-prepared Co-MOF (Fig. 6.1b and inset) was carbonized at 850 ºC 

with simultaneous nitrogen doping treatment, forming the core-shell Co-NC structure 

(Fig. 6.1c and inset). We then applied electrochemical cyclic-potential to the Co-NC 

electrode (a similar activation process can be referred to the literature25, 26). Thereby 

carbon based hollow nanostructures with graphitic shells were generated (Fig. 6.1d and 
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inset). Although XRD patterns show that no obvious metallic crystal phases exist after 

the electrochemical activation (Fig. S6.1), the characterization of both inductively 

coupled plasma atomic emission spectroscopy (ICP-AES) and energy-dispersive X-ray 

spectroscopy (EDS) elemental mapping (Fig. S6.2) demonstrate trace amounts of Co and 

Pt in A-PtCo-NC (the content of Co is 1.72 wt %, compared to 21.10 wt % before 

activation, and the content of Pt is 0.16 wt %), indicating almost all of the Co cores has 

been removed. These results triggered us to propose that the atomic disperse of Co and 

Pt on NC capsules can be formed during the electrochemical activation process, which 

will be verified below. 
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Figure 6.2 The structural characterizations of A-CoPt-NC. a,b, The k2-weighted Fourier 

transform spectra of the Co and Pt EXAFS for Co-NC, A-CoPt-NC, Co foil and Pt foil, 

respectively. The insets are Co and Pt XANES spectra for A-CoPt-NC. c,d, The dark-

field STEM images of the A-CoPt-NC. The position of cobalt core dissolved in the 

activation, is marked with the red dashed line. e, The corresponding bright-field STEM 

image of (d) with the inset of the schematic diagram of the interstice zone. f, The 

distribution of adjacent metal atoms’ distances counted from 40 neighbouring metal atom 

pairs. g, The HAADF image of A-CoPt-NC after fast Fourier Transformation (FFT) 

filtering. The bright yellow spots are metal atoms and the cyan spots are carbon atoms. h, 

A partial zoomed-in image of the area framed in g. Metal atoms are marked by purple 

circles. The carbon atoms adjacent to #1 and #2 metal atoms are linked with red line. i, 

The configuration of 2 metal atoms trapped in the two hybridized di-vacancy carbon 

defect, reconstructed from the observed atomic structure in h. 

 

To further investigate the fine structure of Pt and Co on carbon, we performed X-

ray absorption near-edge structure (XANES) and extended X-ray absorption fine 

structure (EXAFS) spectrometry. The intensity of Co-Co peak around 2.2 Å decays after 

the activation, revealing a change in the Co local environment (Fig. 6.2a)15, 27. The 

dissolution of Co cores during activation disrupts the majority of the original Co-Co 

coordination and the residual Co clusters contribute to the declined Co-Co peak (there 

may also exist some undissolved Co cores although we did not observe any in searching 

domain by TEM). This is further confirmed by the aberration-corrected scanning 

transmission electron microscopy (STEM) images. In Fig. 6.2c, the area of the initial Co 

core before activation is marked with a red dashed ring. It can be seen that the Co core 

was removed and only a small Co cluster sized ~ 1 nm remained, which agrees with the 
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EXAFS analysis. The high intensity of the white line of A-CoPt-NC in the XANES (inset 

of Fig. 6.2a) indicates an oxidized electronic structure of Co, which is due to the Co-N 

and/or Co-C and/or Co-C/N coordination newly formed during the activation process15. 

It is suggested that the pre-edge peak of A-CoPt-NC at 7712 eV is the fingerprint of the 

Co-N4 square planar structure28, 29 due to the dipole forbidden 1s → 3d transition with 

dominantly quadrupole coupling, which is analogous to the pre-edge peak of cobalt 

phthalocyanine30. This finding is also consistent with the previous report of atomic Co 

catalyst used for HER27. It is very difficult to distinguish the bond of the Co-N4 and Co-

C4 due to the very small difference of the bonding energy. Therefore, it is reasonable to 

suppose that the coordination is Co-C/N4 because of the large amount of N in carbon shell.  

In the R space spectra of Pt (Fig. 6.2b), the scattering peak derived from Pt-Pt 

coordination at 2.6 Å is not observed, in contrast to the Pt foil, indicating atomic 

dispersion of Pt species in the N-doped carbon capsules. The predominant peak around 

1.8 Å can be ascribed to Pt-C or Pt-N coordination20, 31. The XANES also indicates an 

oxidized electronic structure of Pt (inset of Fig. 6.2b). Further study shows that A-CoPt-

C without N doping, as a control experiment, exhibits a high amount of metallic Pt-Pt 

coordination (Fig. S6.3). The corresponding Pt particles are also observed in A-CoPt-C 

by the TEM images in Fig. S6.4. These findings suggest that N plays a critical role in 

trapping single Pt atoms and a Pt-N-C coordination structure is highly possible.  

Fig. 6.2d shows the distribution of single metal atoms. Interestingly, these single 

metal atoms do not distribute uniformly on the carbon, but predominantly locate at the 

interstice of the graphitic layers. Fig. 6.2e is the bright field image focussing on the same 

area shown in Fig. 6.2d, clearly illustrating the opening of graphitic layers. Since 

amorphous carbon is less stable during the electrochemical activation and more easily 

oxidized32, we can deduce that those openings were created through the corrosion of 
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partially existing amorphous carbon in the shell during the activation process, which is 

evidenced by increased graphitization degree of A-CoPt-NC at 26.2° in the XRD pattern 

(Fig. S6.1). With the removal of amorphous carbon forming the interstices, the cross-

sections of the graphitic layers were exposed and distorted, thereby increasing the 

disorder of the lattice. The acidic solution subsequently permeated through these openings 

and dissolved the cobalt cores. Simultaneously, the Co and Pt ions near the interstices 

were captured by the exposure of lattice defects in the carbon with the assistance of the 

freshly generated dangling carbon and nitrogen bonds. These contribute to the atomic 

metal species being distributed locally at the graphitic layer openings. Statistical 

distribution analysis11 of 40 pairs of two adjacent metal atoms (denoted as Me-Me, Me = 

Co or Pt) shows that the Me-Me distances are in the range from 0.2 nm to 0.5 nm with 

most in the interval of 0.25-0.29 nm. This phenomenon provides the experimental basis 

for strucutres used in modelling, as discussed later. 

Benefiting from fast Fourier Transformation (FFT) and inverse FFT, noise was 

filtered and the HAADF image of A-CoPt-NC with strong contrasts was gained from a 

less damaged region of interest (ROI). It is shown in Fig. 6.2g, with a clear view of the 

local coordination environment of the metal atoms. In Fig. 6.2h, the metal atoms are 

marked with purple cycles and the adjacent carbon/nitrogen atoms are linked. As a result, 

the configuration of the metal atoms (Me-#1 and Me-#2) can be identified. The structure 

observed in the STEM image is simulated in Fig. 6.2i. The same arrangement of the 

numbered atoms in Fig. 6.2h are used to obtain insight into the structure-property 

correlation in A-CoPt-NC catalyst through computer simulations. It is also demonstrated 

that the electrochemical activation process is a general method to fabricate Pt-Metal 

atomic coupling species (Pt-Ni and Pt-Fe are as examples in Fig. S6.5 and S6.6). 
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6.3 Results and Discussion 

 

Figure 6.3 Electrochemical oxygen reduction activities. a, Cyclic voltammetry (CV) 

curves after different activation cycles in 0.5 M H2SO4 electrolyte. b, The evolution of 

the ECSAPt during the activation. c, ORR linear sweep voltammetry (LSV) curves of Co-

NC, A-CoPt-NC and Pt/C in 0.1 M KOH electrolyte. d, Mass activity Tafel plot for A-

CoPt-NC and Pt/C. e, Comparison of mass activity, TOF, specific activity, ECSAPt per 

unit Pt mass and stability of the A-CoPt-NC and Pt/C for ORR.  

 

The electrochemical activation was performed with CV cycles from 0.1V to 1.1V 

vs RHE in 0.5 M sulphuric acid. Fig. 6.3a shows the evolution of the CV curves during 

activation. At the beginning of activation, no typical hydrogen adsorption or desorption 

peaks in the range of 0.1V to 0.38V (signifying the presence of Pt) were observed. The 

hydrogen adsorption peak appeared after 2000 CV cycles, indicating Pt started to load 
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onto the carbon shell. The loading amount of Pt increased with the additional CV cycles 

until 7000 cycles. From 7000 to 8000 cycles, the CV curves nearly overlapped 

demonstrating the saturation of Pt loading. The corresponding ECSA analysis of the Pt 

also reveals that in the first 2000 CV cycles (zone A in Fig. 6.3b), there was little Pt 

loading on the shell (the ECSAPt is nearly zero) due to the rarity of adsorption sites in the 

carbon. During this stage, the amorphous carbon was oxidised and the graphitic shell 

cracked. With the continued oxidation, an increasing number of adsorption sites at the 

openings were generated and the Pt atoms were subsequently anchored (shown as zone 

B).  

Linear sweep voltammetry (LSV) curves in 0.1 M KOH electrolyte (Fig. S6.7) 

shows the current density increased with the rotation rate from 400 to 2500 rpm, 

indicating a defined mass transfer controlled process. The Koutecky-Levich plot shown 

in the inset implies a 4e- transfer pathway for the ORR. The rotating ring-disk electrode 

(RRDE) voltammogram of A-CoPt-NC is also performed in O2-saturated 0.1 M KOH 

electrolyte at a rotation rate of 1600 rpm to accurately determine the electron transfer 

number. Based on the ring and disk currents, the electron transfer number is calculated to 

be larger than 3.6 over the potential range from 0.4 to 1.0 V vs RHE, and the H2O2 yield 

remained below 17% (Fig. S6.8a), indicating that 4e- transfer pathway is predominant in 

A-CoPt-NC for ORR in 0.1 M KOH electrolyte. The polarization curves in Fig. 6.3c show 

that the Co-NC exhibited higher half-wave potential (0.92 V vs RHE) but lower limit 

current density (4.8 mA/cm2) as compared to those of commercial Pt/C catalyst, due to 

the metal-N-C catalysis33. Notably, the A-CoPt-NC exhibited much better performance 

than those of Co-NC and Pt/C as well as a robust stability (as shown in Fig. S6, after 4 

hours reaction, A-CoPt-NC still retains the 96.4% of the initial activity whereas the 

commercial Pt/C catalyst only preserves 79.7%). The half-wave potential of A-CoPt-NC 



Chapter 6 

151 
 

is 0.96 V vs RHE, 90 mV superior to that of Pt/C. The mass activity Tafel plot (Fig. 6.3d) 

shows that the A-CoPt-NC can deliver 20 times higher mass activity than the 2017 target 

set by the DOE (a current density of 0.44 A/mgPt at 0.90 V, highlighted by blue dash line 

in Fig. 6.3d). The A-CoPt-NC can deliver the DOE targeted mass activity at 1.08 V vs 

RHE, thus reducing the overpotential by 0.18 V. Impressively, the ECSAPt per unit Pt 

mass (3225 m2/g) of A-CoPt-NC is the highest among the Pt contained ORR catalysts 

reported so far (Fig. 6.3e), which is attributed to the high atom efficiency1, 2, 4. With this 

advantage, the A-CoPt-NC also presents a much higher mass activity of 45.47 A/mg 

compared to those of Pt/C and other Pt contained catalysts (Table S6.1). More importantly, 

the specific activity of A-CoPt-NC, which normalizes the performance to the ECSA, is 

3-fold greater than that of Pt/C, indicating that the individual active site in A-CoPt-NC is 

more energetically favourable for ORR than that of Pt/C (Fig. 6.3e). As well as in the 

alkaline media, the A-CoPt-NC presents a very good ORR performance in the acidic 

electrolyte (0.1 M HClO4), with a mass activity 5.6 times higher than that of Pt/C (Fig. 

S6.10). 
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Figure 6.4 Mechanistic study of ORR in A-CoPt-NC. a, The ORR free energy profiles of 

a(Co-Pt)@N8V4 at the equilibrium potential (U=1.23 V), onset potential and zero 

potential. b,c, The local densities of states of a(Co-Pt)@N8V4 and a(Pt-Pt)@N8V4. d,e, 

The top view of the charge densities of a(Co-Pt)@N8V4 (d) and a(Pt-Pt)@N8V4 (e). 

Pink and aqua iso-surfaces with an isosurface level of 0.0025 𝑒/𝑎0
3 represent electron 

accumulation and depletion areas respectively. f, An illustration of the ORR reaction 

pathway on a(Co-Pt)@N8V4. 

 

According to the published literature, the atomic Pt based catalysts have a low 

selectivity for the 4e- transfer pathway for ORR (preferring to produce H2O2 rather than 

H2O), due to the necessity of the synergy from the adjacent Pt sites within a desirable 

interdistance to break the O-O bond19-21. Therefore, we hypothesize that the synergetic 



Chapter 6 

153 
 

effect of atomic Pt-Me (Me=Co/Pt) coupling species at the carbon defects (denoted as 

a(Pt-Me)@Defects) in A-CoPt-NC can  enhance the selectivity of 4e- transfer pathway 

and the overall activity by modulating the electronic structure of metal atoms and altering 

the charge distribution at the coordination structures. To investigate the synergistic effect, 

we performed DFT calculations on five different coordination structures (each of them 

contains Pt-Pt and Co-Pt coordination as shown in Fig. S6.11), which were selected 

according to the analysis of the distribution of adjacent metal atomic interdistances(Fig. 

6.2f) and STEM observations (Fig. 6.2g-6.2i). The distances between the two adjacent 

metal atoms in these 5 models are in the range from 0.227 nm to 0.504 nm, which are in 

accord with to the experimentally measured distances (Fig. 6.2f).  Particularly, the 

structure N8V4 is directly observed from the STEM image in Fig. 6.2h. The binding 

energy of the atomic metals on the 5 models were calculated shown by Table S6.2. 

Atomic metals on N6V6 and N8V10 are not stable and easily aggregated together, thereby 

they were excluded for further calculations. Accordingly, six ORR energy profiles are 

obtained as shown in Fig. S6.12 and the corresponding onset potentials are summarized 

in Table S6.3. The most energetically favourable configuration is a(Co-Pt)@N8V4 with 

an overpotential as low as 0.3 V. As shown in Fig. 6.4a, the first protonation step (𝑂2 →

𝑂𝑂𝐻∗) determined the onset potential, because the magnitude of change in free energy 

for this step was the smallest at 0.93 V vs RHE. Meanwhile, the potential determine step 

for a(Pt-Pt)@N8V4 is the same with a(Co-Pt)@N8V4, but with an overpotential as large 

as 1.072 V (Fig. S6.12). These results reveal that heterogeneous atomic metals (Co and 

Pt) on N8V4 precede the homogenous atomic metals (pure Pt) on N8V4, due to the 

stronger binding effect between the catalyst and O2.  

To investigate the underlying origin of the interactions between different active 

sites and the adsorbates, the density of the states of a(Co-Pt)@N8V4 and a(Pt-Pt)@N8V4 
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were simulated (Fig. 6.4b and 6.4c). Since the d orbitals of noble/transition metal atoms 

and the 2p orbitals of oxygen atoms participate in orbital coupling and form the new 

molecular orbitals during the adsorption, we concentrate on the states of d orbitals of Pt 

and Co. According to the d band centre theory proposed by Nørskov et al., the up-shifted 

d orbital relative to the Fermi level will result in a strong binding between the catalyst 

and the adsorbate, and vice versa34. Here, the energy of the Co 3d orbital in a(Co-

Pt)@N8V4 is much closer to the Fermi level than that of the Pt 5d orbital in a(Pt-

Pt)@N8V4, indicating the strong binding between the a(Co-Pt)@N8V4 and oxygen. This 

difference in binding strength will further affect the ORR activities of these two active 

sites, which is supported by the energy profiles (Fig. 6.4a). In addition, the charge 

distribution patterns (Fig. 6.4d and 6.4e) show a strong electron accumulation (pink area) 

around the Co atom in a(Co-Pt)@N8V4, but weak electron accumulation or depletion 

around Pt in a(Pt-Pt)@N8V4, which can be attributed to the asymmetric deployment of 

Pt and Co in a(Co-Pt)@N8V4, polarizing the surface charges near the active sites. The 

electrons near Co will enable O2 to be transformed to H2O, thus enhancing the ORR 

performance. Fig. 6.4f shows the ORR reaction associated with the 4e- pathway on a(Co-

Pt)@N8V4, which involves four protic hydrogen and electron transfer steps: (i) the 

adsorbed O2 transfers into OOH*; (ii) desorption of H2O and formation of O*; (iii) OH* 

is formed (iv) the OH* further associates with a protic H and an electron to generate H2O.  

It is worth noting that the elementary steps from O2 to O* can also proceed through 

a dissociative 4e- pathway, which is also energetically downhill in the energy profile (Fig. 

S6.13) with an even lower overpotential of only 0.21 eV. In that case, the last H2O 

desorption step is the reaction determining step. The reaction mechanism for the 

dissociative 4e- pathway separates the oxygen bond in the first protonation step producing 

O* and OH* instead of forming OOH*. Thermodynamically, this pathway is favourable, 
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but the O-O dissociation has a kinetic barrier with an activation energy of 0.56 eV. This 

is less than half the barrier on single Pt atoms on a simular substrate35, and could be further 

influenced due to solvent effects. Both these two pathways are different from that of IA-

Pt catalysts21, 35, which follow a 2e- pathway and has H2O2 as an intermediate product. 

Since O-O dissociation is the key step of the 4e- pathway, it is suggested that the A-CoPt-

NC exhibits a different reaction pathway compared to the reported IA-Pt catalysts21, 35. 

Here, we attribute the high 4e- pathway selectivity of A-CoPt-NC to the specific 

configuration structure of a(Co-Pt)@defect and the synergistic effect between the atomic 

Co and Pt sites, which results in the up-shifting of the d orbital and the charge polarization 

on the active site (a(Co-Pt)@N8V4). These factors eventually alter the dissociation 

energy of O-O bond and endow the 4e- ORR pathway in A-CoPt-NC. 

 

Figure 6.5 Electrochemical hydrogen evolution activities. a, HER LSV curves of Co-NC, 

A-CoPt-NC and Pt/C in 0.5 M H2SO4 electrolyte. b, The durability test of A-CoPt-NC for 

HER. The polarization curves were recorded initially and after 4000 CV sweeps at a rate 

of 100 mV/s. The inset contains chronopotentiometry curves with a current density of 10 
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mA/cm2 and 50 mA/cm2, respectively. c, The HER free energy profiles of the Pt/C, 

2H/a(Pt-Pt)@N6V4 and 2H/a(Co-Pt)@N6V4. Top view of the model a(Co-Pt)@N6V4 

are inset. d, HER LSV curves of Co-NC, A-CoPt-NC and Pt/C in 1 M KOH electrolyte. 

e, The comparison of the overpotential needed to reach a current density of 10 mA/cm2 

(up) and the current density normalized to Pt mass at an overpotential of 70 mV (down) 

of various HER catalysts in the wide pH range. The data were collected from ref.36-41. 

 

As demonstrated above, electron accumulation on Co will benefit for the 

electrocatalytic reduction reactions, so it is natural to consider the A-CoPt-NC as an ideal 

catalyst for the HER. Fig. 6.5a shows the LSV curves of Co-NC, A-CoPt-NC and Pt/C in 

the 0.5 M H2SO4 solution. The overpotentials at a current density of 10 mA/cm2 were 

measured to be 27 mV for A-CoPt-NC and 59 mV for Pt/C, respectively (Fig. S6.14). A-

CoPt-NC also exhibits a similar Tafel slope of 31 mV/dec to Pt/C, indicating the Volmer-

Tafel pathway. Moreover, the durability evaluation (Fig. 6.5b) shows that after 4000 CV 

cycles, only a slight decay can be observed in the LSV curve and the chronopotentiometry 

curves retain stable for 8 hours reaction at the current densities of 10 mA/cm2 and 50 

mA/cm2, respectively, indicating good stability of the A-CoPt-NC during the long-term 

HER reaction in an acidic environment. To further investigate the reaction mechanism of 

A-CoPt-NC for HER, we determined the energy profiles using DFT calculations. As 

shown in Fig. 6.5c, the two optimized configurations with the lowest |𝛥𝐺𝐻| are a(Co-

Pt)@N6V4 and a(Pt-Pt)@N6V4, differing from that in ORR process. A |𝛥𝐺𝐻| value of 

zero represents the ideal interacting energy between the adsorbed hydrogen and the 

catalyst. The value of |𝛥𝐺𝐻| for a(Co-Pt)@N6V4 is 0.05 eV, lower than those of Pt/C 

and a(Pt-Pt)@N6V4. The local densities of states (Fig. S6.15) of a(Co-Pt)@N6V4 show 

an obvious higher state density than a(Pt-Pt)@N6V4 near the Fermi level, thereby 
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increasing the coupling strength of the H* and catalysts. For a(Pt-Pt)@N6V4, the 

coupling is not strong enough, while for Pt/C, the interactions are stronger and thus the 

desorption of the H2 produced requires more energy than for a(Co-Pt)@N6V4. 

Furthermore, the charge distribution patterns (Fig. S6.16) demonstrate that the a(Co-

Pt)@N6V4 possesses higher electron density around Co atom than that around Pt atoms 

in a(Pt-Pt)@N6V4, implying the strong bonding capability with H* at Co site.  

Considering that different HER devices in the realistic applications may be 

operated in a various range of pH, a wide pH range tolerance is significant for the HER 

catalyst. Moreover, the wide pH range tolerance also endows the catalyst to be 

multifunctional with OER or/and ORR in their specific pH ranges. Fig. 6.5d indicates that 

A-CoPt-NC outperforms Pt/C in alkaline media for HER. Due to the ultralow loading of 

Pt (0.16 wt %) in A-CoPt-NC, it can be a promising alternative to commercial Pt/C 

catalyst and other Pt contained catalysts in the wide pH range of HER applications. Fig. 

6.5e and Table S6.4 show η10 (the overpotential required to reach a current density of 10 

mA/cm2) and Jm,70 (activity normalized to Pt mass at an overpotential of 70 mV) of 

various reported catalysts and A-CoPt-NC in the wide pH range (A-CoPt-NC is from this 

work and the other data were collected from ref 36-41). The A-CoPt-NC exhibits the lowest 

η10 in acidic media and a competitive η10 in alkaline media for HER compared to other Pt 

based electrocatalysts. Considering the advantage of ultralow loading amount, the A-

CoPt-NC achieves the highest Jm, 70 in both acidic and alkaline media, which are 224 and 

45 A/mg, respectively. Even in the neutral media, A-CoPt-NC still exhibits a comparable 

activity to Pt/C catalyst (Fig. S6.17), implying the A-CoPt-NC could be utilized in all pH 

range. Fig. S6.18 and Table S6.5 summarized the η10 of all pH range functioned HER 

catalysts without Pt and the A-CoPt-NC in this work (the Pt content is extremely low, 

with a ~0.0005mg/cm2 loading). Compared to these reported catalysts, A-CoPt-NC 
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presents the highest HER activities in acidic and alkaline media and comparable activity 

in neutral media.  

6.4 Conclusions 

Utilizing the strategy of the electrochemical activation, Co cores were removed 

from the stable Co/C core-shell structures producing nitrogen doped defective carbons 

with atomic metal species. The activation process enables the corrosion of amorphous 

carbons in the shell, creating channels in the shell to allow acid penetration, thus 

dissolving the Co cores gradually. Some of the atomic Co species were captured in the 

carbon shell. When using a Pt electrode during the activation, atomic Pt species from the 

dissolution in electrolyte can also be co-captured by the N-doped carbon shell. 

Accordingly, a carbon-based catalyst decorated by co Co/Pt at an atomic scale is 

synthesized. The resulting catalyst (denoted as A-CoPt-NC) only contains a small amount 

of Co (~1.72 wt%) and a very little Pt (~0.16 wt%), but shows extremely high activities 

for both ORR and HER. The ORR mass activity is as high as 267 times of the commercial 

Pt/C and 20 times of the DOE target at 0.90V in alkaline. The catalyst also exhibits 

considerably high ORR activity in acid but requires further improvement, which is being 

considered in our further research.  Moreover, the HER of this catalyst is much superior 

to the commercial Pt/C both in acid and alkaline media. DFT calculations suggested that 

the excellent electrocatalytic performance may originate from the charge redistribution 

and the d orbital shift resulting from the synergetic effect of the atomic Pt and Co species 

in the specific coordination structure (a(Co-Pt)@N8V4 for ORR and a(Co-Pt)@N6V4 

for HER). It is found that the atomic interaction of Pt-Co may be responsible for the high 

selectivity for 4e- pathway in ORR, differing from the reported 2e- pathway in isolated 

atomic Pt-based catalysts. Thus, the appropriate coordination environment of atomic 

metal species by defect engineering is of importance to tune the corresponding electronic 
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redistribution for electrocatalysis, calling for a re-thinking of accepted strategies for 

developing efficient electrochemical catalysts. 
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Supplementary Materials  

 

Figure S6.1 The XRD patterns of A-CoPt-NC and Co-NC. The characterized peaks 

ascribed to metallic cobalt and graphite were marked with a hash symbol and asterisk 

respectively. 

 

 

Figure S6.2 The STEM-EDS elemental mapping of A-CoPt-NC. Left pattern is the 

STEM-HADDF image. C, N, Pt and Co elements were symbolized with green, red, blue 

and pink color respectively. 
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Figure S6.3 The K2-weighted Fourier transform spectra of A-CoPt-C and Pt foil. 

 

 

Figure S6.4 The TEM images of A-CoPt-C at different magnification. The size of Pt 

particles are around 10-100 nm. 

 



Chapter 6 

163 
 

 

Figure S6.5 (a) The XRD patterns of Ni-MOF and Ni-NC. The TEM image of Ni-NC and the 

structure illustration of Ni-MOF is inset. (b) The TEM image of A-NiPt-NC. (c)(d) The STEM-

EDS elemental mapping of A-NiPt-NC. (e)(f) The STEM-HAADF images of A-NiPt-NC. 
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Figure S6.6 (a) The XRD patterns of Fe-MOF and Fe-NC. The TEM image of Fe-NC and the 

structure illustration of Fe-MOF is inset. (b) The TEM image of A-NiPt-NC. (c)(d) The STEM-

EDS elemental mapping of A-FePt-NC. (e)(f) The STEM-HAADF images of A-FePt-NC. 

 



Chapter 6 

165 
 

 

Figure S6.7 LSV curves of A-CoPt-NC at different rotation speeds with the scan rate of 

5 mV/s in O2-saturated 0.1 M KOH solution (Inset: Koutecky-Levich (K-L) plots at 

different potentials). 

 

 

Figure S6.8 Rotating ring-disk electrode voltammogram of A-CoPt-NC for ORR in 0.1M 

KOH solution at a rotation rate of 1600 rpm (a). The percentage of peroxide and the 

electron transfer number of A-CoPt-NC for ORR in 0.1M KOH solution. 
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Figure S6.9 Chronoamperometric curves of the A-CoPt-NC and Pt/C with a voltage of 

0.5 V vs RHE in O2-saturated 0.1 M KOH solution. 

 

 

Figure S6.10 The ORR LSV curves of A-CoPt-NC and Pt/C in 0.1 M HClO4. The mass 

activities are inset.  
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Figure S6.11 The five different models denoted as N6V6, N6V4, N8V10, N8V4 and 2×

(N4V2). The modelling is based on the statistical analysis of 40 pairs of two adjacent 

metal atoms (Fig. 6.2f). 

 

 

Figure S6.12 The energy profiles of the three models with a(Pt-Pt) pair and a(Co-Pt) pair 

at each onset potential (see Table S6.3). 
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Figure S6.13 The dissociative 4e- pathway for ORR. (a) An illustration of the dissociative 

4e- pathway on a(Co-Pt)@N8V4. (b) The ORR free energy profiles of a(Co-Pt)@N8V4 

at the equilibrium potential (U=1.23 V), onset potential and zero potential through 

dissociative 4e- pathway. 

 

 

Figure S6.14 Tafel slope and overpotential obtained at the current density of 10 mA/cm2 

of the A-CoPt-NC and Pt/C for HER. 
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Figure S6.15 The local densities of states of a(Pt-Pt)@N6V4 (a) and a(Co-Pt)@N6V4 (b). 

 

Figure S6.16 The top view of charge densities of a(Co-Pt)@N6V4 (a) and a(Pt-

Pt)@N6V4 (b). 

 

 

Figure S6.17 HER LSV curves of A-CoPt-NC and Pt/C in PBS. 
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Figure S6.18 The comparison of the overpotential needed to reach a current density of 10 

mA/cm2 for various HER catalysts in the wide pH range. The data were collected from 

reference 10. 

 

Table S6.1 Comparison of the electrocatalytic activity of Pt based catalysts for ORR.  

Catalysts Electrolyte Mass activity 
(A/mg) 

Specific activity 

(mA/cm
2
) 

ECSA
Pt

 

(m
2
/g) 

Reference 

60 wt.% Pt/GNS 0.1 M NaOH 0.35 (@0.85 v) 0.83 (@0.85 V) 42 Electrochem. Commun., 
2011, 13, 182 

Pt-60WC/C 1 M KOH None 2.61 (@0.85 V) 19 Electrochim. Acta, 2013, 
106, 453 

Pt
1
Ni

1
@graphene 0.1 M NaOH 0.49 None None J. Phys. Chem. C, 2011, 

115, 379 

Pt-Pd 0.1 M KOH 0.06 (@0.9 V) None None Int. J. Hydrogen Energy, 
2013, 38, 12657 

PtPb 
Nanoplates/C 

0.1 M HClO
4
 4.3 (@0.9 V) 7.8 (@0.9 V) 55 Science, 2016, 354, 1410 

Pt
3
Ni 0.1 M HClO

4
 0.53(@0.9 V) 0.85 (@0.9 V) 62.4 J. Am. Chem. Soc., 2010, 

132, 4984 

Pd@Pt
2.7L

/C 0.1 M HClO
4
 0.64(@0.9 V) None 26.5 Nature Comm., 2015, 6, 

7594 

Mo-Pt3Ni/C 0.1 M HClO
4
 6.98(@0.9 V) 10.3 (@0.9 V) 67.7 Science, 2015, 348, 1230 

Pt
3
C/Co-700 0.1 M HClO

4
 0.52(@0.9 V) 1.1 (@0.9 V) None Nature Mater., 2013, 12, 

81 

A-CoPt@NC 0.1 M KOH 45.47 (@0.9 V) 1.41 (@0.9 V) 3225 This work 

A-CoPt@NC 0.1 M HClO
4
 6.9 (@0.75 V) 0.13 (@0.75 V) 3225 This work 
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Table S6.2 Binding energy of the atomic metals on surface defects in eV. (Red values 

indicate unstable systems) 

Defect 

models 

Binding energy (eV) 

a(Pt-Pt) a(Co-Pt) 

2xN4V2 7.01 7.45 

N6V4 5.96 6.24 

N8V4 6.89 7.17 

N6N6 4.08 4.42 

N8V10 4.42 4.59 

 

Table S6.3 The summary of the ORR onset potentials of the 6 configurations. 

Defect models 
Onset potential (V) 

a(Pt-Pt) a(Co-Pt) 

N8V4 0.158 0.93 

2X(N4V2) 0.186 0.543 

N6V4 0.751 0.52 

 

Table S6.4 Comparison of the electrocatalytic activity of Pt based catalysts for HER 

Catalysts Electrolyte 

Loading 
amounts 

(µg/cm
2
) 

η
10

 

(mV) 
J

70 
(mA/cm

2
) 

J
m,70 

(A/mg) 
Reference 

PtNWs/SL-
Ni(OH)

2
 1M KOH 16.1 70 2.48 0.150 

Nat. Commun., 2015, 
6, 6430 

Pt
3
Ni

2
-NWs-

S/C 
1M KOH 15.3 42 19.1 1.24 

Nat. Commun., 2017, 
8, 14580 



Chapter 6 

172 
 

NiO
x
/Pt

3
Ni 

Pt
3
Ni

3
-NWs 

1M KOH 15.3 40 39.7 2.59 

Angew. Chem. 
Int. Ed., 2016, 55, 

12859 

A-CoPt-NC 1M KOH 0.419 50 18.8 44.9 This work 

30.5 wt% Pt/Si 
0.5M 
H

2
SO

4
 58.9 69 10.6 0.180 

Nat. Commun., 2016, 
7, 12272 

ALD50Pt/NGNs 
0.5M 
H

2
SO

4
 1.06 39 31.3 29.5 

Nat. Commun., 2016, 
7, 13638 

SWNT after 4h 
0.5M 
H

2
SO

4
 

0.247 30 35.3 143 
ACS Catal., 2017, 7, 

3121 

A-CoPt-NC 
0.5M 
H

2
SO

4
 

0.419 26 93.8 224 This work 

 

 

Table S6.5 Comparison of the electrocatalytic activity of all pH functioned catalysts for 

HER.  
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Conclusions and Perspectives

 

 

  



Chapter 7 

174 
 

7.1 General Summary 

Carbon defects exhibited high activity in ORR among metal free catalysts, even 

exceeding heteroatoms doped carbons. Although the high electrocatalytic activity of carbon 

defects was firstly reported on 2015 and the perceived mechanism simulated by DFT 

calculations were also proposed, the relevant active sites (defects) had not yet been observed 

directly. The confirming of configuration of carbon defects is always an obstacle impeding the 

rational design of defective carbon catalysts. In chapter 3, a defective graphene material was 

fabricated and presented high activities in HER, OER and ORR. Moreover, with the benefit of 

its thin thickness (monolayer), AC-TEM images have obtained. Defects are dominantly 

distributed on the graphene edge, which is generated by the reconstruction of carbon lattice 

after nitrogen removal. The controlled samples, pristine graphene and nitrogen doped graphene, 

exhibited less active compared to defective graphene, providing strong evidence that the active 

sites of defective graphene are edge defects and these defects are more active than the doped 

nitrogen. (Relevant content: Chapter 3) 

However, although defective carbon materials show remarkable performance in the 

metal free catalysts, they are still far from realistic application since the activities are lower 

than conventional noble metal catalysts. Further electronic structure modifications of carbon 

defects are needed to improve the performance and endow them being the alternatives of noble 

metal catalysts. Several strategies were proceeded in this thesis, including assembling defective 

graphene with NiFe-LDH nano sheet, trapping atomic Ni species in graphene defects and 

electrochemically trapping atomic Co and Pt species on defective graphitic shell. These 

materials improve the electrocatalytic activities of carbon defects attributed to the tuned 

electronic structure and enhanced charge transfer. We hold the view that, the active sites in 

these catalysts are the combination of carbon defects and the trapped or attached metal species. 

The interaction between defects and metal species changes the state of valence electrons on the 
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active sites, enhancing/weakening the binding energy in electrocatalytic reaction, thereby 

adjusting the Gibbs free energy of intermediates and facilitating the reaction. In the electronic 

modification of carbon defects, this PhD research achieved three breakthroughs, 

Firstly, The NiFe-LDH was exfoliated into single nano sheet and then assembled with 

defective graphene. It was found that the enhanced charge transfer between the defective 

graphene and NiFe-LDH nano sheet elucidated by the DFT calculations improve the HER 

activity of defective graphene and OER activity of NiFe-LDH nano sheet. This synergistic 

effect enables defective graphene/NiFe-LDH nano sheet composite to be the bifunctional 

catalyst for overall water splitting. More importantly, defective graphene/NiFe-LDH nano 

sheet exhibits higher activity than N doped graphene/NiFe-LDH nano sheet, which could be 

attributed to the stronger charge polarization on the former one. This finding provides us a new 

comprehension that defective graphene are the ideal candidates in the design of the 

heterogeneously assembled two-dimensional catalysts. (Relevant content: Chapter 4) 

Secondly, atomic Ni species were successfully trapped on the carbon defects and the 

coordination structure of Ni was directly observed by AC-TEM. This catalyst show great 

activities for HER and OER, comparable to noble metal catalysts. The DFT calculations 

established on the observed structures indicates that aNi@divacancy is the active site for OER 

and aNi@D5775 is the active site for HER. The DFT calculations show the shifting of d state 

of Ni, when it trapped on different carbon defects. This d state shifting manipulates the 

electrocatalytic activity on the active sites. This finding paves a new path in the design of 

atomic metal species catalysts for electrocatalytic reactions. (Relevant content: Chapter 5) 

Finally, although some atomic metal species catalysts have been explored for HER and 

OER, there is still an obstacle for atomic noble metal catalyst used for ORR. Previous study 

reported that the atomic Pt catalysts went through 2e- pathway in ORR, which is not feasible 
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for fuel cells and other energy-transforming devices. This thesis proposed a carbon based 

catalyst with atomic Co and Pt co-trapped in defective graphitic shells. It was found that this 

catalyst dominantly follows 4e- pathway in ORR, and simultaneously exhibits great activity in 

HER. We attribute the high selectivity of 4e- pathway to the synergistic effect between the 

trapped atomic Co and Pt species, which tailors not only the charge distribution but also the 

density state of d orbital. This finding sheds a new light on the design of atomic noble metal 

species contained catalysts for 4e- pathway in ORR. (Relevant content: Chapter 6) 

In this PhD thesis, through the extensive study of carbon defects and the 

functionalization of carbon defects in the application of HER, OER and ORR, we obtain new 

understandings of the defect mechanism in electrocatalysis and several methods to further 

enhancing the activities of carbon defects. To date, the ORR and HER activities of atomic Co 

and Pt co-trapped catalyst has been exceeded commercial noble catalysts (Pt/C and Ir/C). 

Herein, the defect-based catalysts will be continuously a hot research field in near future.   

7.2 Outlook for future work 

Despite the research of carbon defect in electrocatalysis has attracted more and more 

attentions in recent years, it is still in very beginning stage and many issues need to be addressed 

in order to achieve the fully understanding of the reaction mechanism and push ahead the 

realistic applications.  

(i) Although the carbon defects have been verified active for HER, OER and ORR 

experimentally and the DFT calculations indicates that different types of carbon defects show 

different activities in the reaction, it is still an obstacle to manipulate the types of defects in the 

synthesis. Therefrom, new synthetic strategies must be developed to experimentally precise 

control of defect type for only enhancing one specific electrochemical reaction without side 

effect.  
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(ii) The aMe@defect catalysts present high activities for HER, OER and ORR. 

Nevertheless, the low loading amount of metal restricts the number of active sites, and further 

influence the activities. Normally, the mass loading amount of metal is lower than 5 wt%, 

otherwise the metal atoms will be aggregated into nano cluster or even small particles, 

declining the catalytic performance. With this respect, one critical point is that the defect 

density of carbon is low, which could not provide ample adsorptive sites for atomic metals. As 

mentioned in chapter 3, the defects appeal to exist on the edge area of the graphene sheet, then 

there are two methods to increase the defect density. One is creating more edges on the 

graphene sheet and the other one is managing to create defects via atomic carbon reconstruction 

in graphene planar structure. 

(iii) The synthesis of aMe@defect catalysts are complex and the productivity is not 

enough for the large-scale commercial production, which is only attained in laboratory. 

Therefore, cost-effective large-scale production of tailor-made defective carbon based catalysts 

is necessary for industrial applications. Prospectively, it is no doubt that continued research 

and development in this exciting field should result in improved fuel economy and decreased 

harmful emissions.  

 




