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Abstract  

Electrocatalysis contributes to a huge extent in a large array of research fields and 

applications, including corrosion science, electroanalytical sensors, wastewater 

treatment, electro-organic synthesis and more importantly, energy conversion 

applications. Of the many electrocatalytic processes, the oxygen evolution reaction 

(OER) and triiodide reduction reaction (IRR) are of widespread importance in 

electrochemical cells and dye-sensitised solar cells (DSSCs). OER is a key half reaction 

in electrochemical water splitting, direct solar-to-electricity driven water splitting and 

metal-air batteries. The high cost of efficient benchmark electrocatalysts, such as RuO2 

or IrO2, however, is a major drawback of OERs. While, IRR plays a significant role in 

DSSCs, which must be electrocatalysed at the counter electrode to complete the external 

circuit in real devices and thereby successfully convert solar energy to electricity. 

Traditionally, Pt is accepted as an ideal benchmark electrocatalyst for IRR, but its high 

cost and scarcity limits broad application of DSSCs. Thus, extensive effort has been 

made to find active alternative electrocatalysts with low-cost, high electrocatalytic 

activity and excellent stability for OER and IRR to the noble metals (Ru, Ir and Pt). 

Therefore, a rational design of earth-abundant and low-cost electrocatalysts for OER 

and IRR maintains a paramount significance for energy conversion applications to meet 

the constantly growing demand for energy supply. 

This thesis attempts to rationally design and synthesise five different types of 

nanostructured earth-abundant electrocatalysts for electrocatalytic applications in OER 

and IRR using a one-step, cheap and facile preparation method. Some of the important 

key points in electrocatalysis, such as earth-abundant electrocatalysts, enhanced 

electronic conductivity, greater access to electrocatalytic active sites, improved 

structural stability, sophisticated chemical bonding and surface electronic structures are 

intensively investigated in this thesis. 
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First, the poor electronic conductivity in spinel-type CoCr2O4 was adjusted through 

the preparation of a strongly coupled nanoparticulate CoCr2O4 and carbon nanosheet 

(CNS) composite system (CoCr2O4/CNS), showing excellent OER electrocatalytic 

activity and stability in alkaline solution. In addition, the existence of CNS within the 

composite system was advantageous for preserving larger amounts of low coordination 

surface oxygen atoms, thereby facilitating favourable water adsorption, which largely 

determines the electrocatalytic OER activity.  

Second, OER activity enhancement of the rarely studied metallic Co was 

investigated based on the surface atoms’ reactivity as a key starting point. In this 

specific work, we theoretically designed a surface S-doped cobalt (S-Co) metal catalyst 

to optimise the reactivity of surface Co atoms along with the subsequent experimental 

validation for OER. The surface S-Co catalyst supported on CNS (S-Co/CNS), 

synthesised via the one-step modified molten-salt method developed in this thesis, 

shows excellent electrocatalytic OER activity and superb stability. 

Among many cobalt sulfides, cobalt pentlandite (Co9S8) garners the most attention 

due to its interesting bonding features and pseudometallic conductivity. However, the 

preparation of pure Co9S8 is relatively challenging and the synthetic routes adopted to 

date are complex, expensive and often result in intricate crystal structure. The synthesis 

of pure hexagonal shaped Co9S8 nanoparticles (NPs) nested on CNS was accomplished 

by the one-step modified molten-salt calcination approach. The as prepared materials 

were further applied as electrocatalysts for OER, displaying superior electrocatalytic 

activity and stability in a strong alkaline solution to all other cobalt-based chalcogenides 

reported to date. 

Further exploration of this one-step modified molten-salt calcination method was 

conducted to synthesise a few-layered graphitic carbon encapsulated metal rich nickel 
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sulfide (Ni3S2) NPs supported on CNS (Ni3S2@C/CNS) for electrocatalytic OER 

applications. The graphitic carbon encapsulated layer on Ni3S2 NPs was critically 

important for protecting the surface sulfur species from electrochemical oxidation at 

high anodic potential in a strong alkaline solution. In addition, the charge transfer 

resistance was significantly decreased via the carbon encapsulation of Ni3S2 NPs. 

Finally, nanostructured metal sulfide (MoS2) films were directly grown on F-doped 

tin oxide (FTO)-glass substrate using a simple and facile one-step hydrothermal method 

and applied as an electrocatalyst for IRR in DSSCs. The as prepared surface exposed 

nanosheet MoS2 electrodes performed better than most non-precious MoS2-based 

electrocatalysts reported to date and slightly better than the benchmark Pt electrocatalyst 

in IRR. 

This thesis significantly contributes innovative knowledge in material science and 

electrocatalysis through: (i) designing novel electrocatalysts based on the understanding 

of relevant mechanistic chemistry at the atomic level; (ii) providing a generic one-step 

synthetic route for the preparation of earth-abundant metal, metal oxide and metal 

sulfide electrocatalysts; (iii) improving the concentration of active sites in spinel-type 

oxides using carbon nanostructures; (iv) developing a surface doping approach to 

manipulate the surface electronic structure of metal catalysts; and (v) demonstrating a 

generic one-step sulfidation method to prepare transition metal sulfides and their 

nanocomposites. 
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Chapter 1.  Introduction 

1.1 General Background 

The prospect of a future energy crisis coupled with the emission of greenhouse 

gases has resulted in serious attention towards the development of alternative renewable 

energy supplies that are free of carbon emissions. Scientists are currently looking for 

sustainable ways to produce renewable energies. Both hydrogen (H2) and solar power 

have attracted great interest as alternative energy sources to fossil-fuel-based energy 

systems due to their renewability and environmental cleanliness. 

Hydrogen is considered the ideal choice as a fuel with zero emissions for a long 

time.
[1]

 However, traditional H2 production is accomplished by steam reforming of 

hydrocarbons, which produces greenhouse gases. CO2 is the major component of these 

greenhouse gases, which has already proven to be detrimental for the environment and 

climate change. Therefore, hydrogen production via water electrolysis
[2]

 driven by 

renewable energy, such as solar energy, may provide an environmentally-friendly and 

sustainable pathway to meet the constantly growing demand for energy supply. 

Unfortunately, water electrolysis is heavily constrained by the kinetically sluggish 

oxygen evolution reaction (OER), which involves thermodynamically unfavourable 

four-electron transfer process causing a large overpotential.
[3]

 Such a large overpotential 

causes substantial energy loss in water electrolysis cells or other real devices. To reduce 

the overpotential and minimise energy loss, efficient electrocatalysts possessing 

inherent catalytic activity, good electronic conductivity, and sufficient electrocatalytic 

stability are urgently required. Currently, noble metal (Ir or Ru) based materials are 

used as highly active electrocatalysts for OER. However, their scarcity and high-cost 

prohibit the large-scale application of such electrocatalysts. As such, the rational design 
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and facile one-step synthesis of earth-abundant and low-cost OER electrocatalysts with 

comparable or better electrocatalytic performance become significantly important for 

research progress on water electrolysers
[4]

 and metal-air batteries
[5, 6]

.

There are also several important challenges for the large-scale application of solar 

power. For example, one of the promising solar cells is based on dye molecules,
[7]

which can absorb sunlight and get excited. The photogenerated electrons are injected 

into the conduction band of the photoanode material and transferred to the counter 

electrode (CE) to reduce the oxidised redox mediator (I
-
/I3

-
). Rapid triiodide (I3

-
)

reduction at the CE surface is critically important, and often determines the efficiency of 

a dye-sensitised solar cell (DSSC). Therefore, an electrocatalyst which has good 

electronic conductivity and high electrocatalytic activity for triiodide reduction reaction 

(IRR) becomes a basic requirement for an efficient DSSC. Pt has long been used as a 

benchmark electrocatalyst for IRR, but its scarcity and prohibitive cost limits the 

widespread use of this catalyst. To date, significant research progress has been made to 

promote alternative electrocatalysts for IRR. However, the development of one-step, 

low-cost and easily controllable method to fabricate the electrocatalyst loaded 

conducing substrate while maintaining reasonable optical transparency is challenging. 

In summary, the rational design of earth-abundant nanostructured electrocatalysts 

possessing high electrocatalytic activity, good electronic conductivity and high 

electrocatalytic stability is significantly important for H2 generation and solar energy 

utilisation. 
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1.2 Aims 

The objectives of this project are to design different varieties of highly efficient 

nanostructured earth-abundant electrocatalysts for OER and IRR by one-step synthesis 

methods. This project systematically tackles several key issues in electrocatalysis: 

1) Design a series of efficient earth-abundant nanostructured electrocatalysts for 

OER and IRR. (Chapters 2-6); 

2) Develop a one-step synthesis method, which is facile, simple and cheap for the 

fabrication of a series of transition metal-based electrocatalysts. (Chapters 2-5); 

3) Investigate the impact of sophisticated connectivity between the active materials 

and carbon nanostructures (carbon nanosheet (CNS)) within the nanocomposites 

systems to improve electronic conductivity; (Chapters 2-5) 

4) Understand the role of CNS support for poor electronically conductive binary 

spinel type oxides for OER electrocatalysis and the benefit of a concurrent growth 

approach. (Chapter 2); 

5) Alter the surface electronic structure of metallic Co catalyst by surface sulfur 

doping and understand the subsequent impact on the electrocatalytic OER 

performance. (Chapter 3); 

6) Prepare transition metal (Co, Ni) rich sulfides/CNS nanocomposites as highly 

efficient and durable OER electrocatalysts. (Chapters 4-5); and 

7) Fabricate an ultrathin surface exposed nanostructured MoS2 film by one-step 

hydrothermal method as a high performance electrocatalyst for IRR. (Chapter 6) 

1.3 Electrocatalysis 

Catalysis, as one of the most important green chemistry technologies, is at the heart 

of more than 90% of all industrial chemical processes and basic processes of life. 
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Typically, catalysis is a process where a certain amount (tiny amount) of an additional 

substance can increase the rate of a chemical reaction and remains unchanged. As 

shown in Fig. 1.1, the reactants adsorbed on the catalyst surface will undergo a chemical 

reaction to form a product with the assistance of catalysts and the catalyst itself can be 

regenerated at the end of the catalytic process. There are a number of significant 

benefits offered by a catalyst with some constraints for a given reaction system: 

1) It can promote an alternative pathway that is energetically more favourable for a 

given reaction. 

2) It helps to make the activation energy significantly lower than that of an 

uncatalysed reaction. 

3) It has a significant impact on the kinetics of a reaction and does not affect the 

equilibrium constant for a thermodynamically favourable chemical reaction. 

Hence, the overall change in Gibbs free energy is unchanged. 

4) It should not bind the reactant either too weakly or too strongly during a 

successful catalytic reaction. 

Catalysts can work in various surroundings such as liquids, gases or at the surface 

of solids. Electrochemical reactions are one important branch with large-scale 

applications in industry by converting electrical energy into chemical energy. As with 

other chemical reactions, the rate of electrochemical reactions can also be accelerated 

using catalysts. These types of catalysed electrochemical reactions are termed 

electrocatalysis. For electrolytic water splitting reactions (e.g. OER) and the IRR in 

DSSC, electrocatalysts play central roles in terms of their performances. 
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Fig. 1.1 Schematic illustration of a catalytic process showing “A” and “B” react on a 

catalyst surface to form the product “P”; and the separation step results in regenerated 

catalyst.
[8]

1.3.1 Applications of Electrocatalysis 

Since the late 1980s, electrocatalysis has grown due to the application of new 

hybrid techniques. Today, electrocatalysis is applied in technology-based 

electrochemical reactions, electro-organic synthesis, galvanoplasty, electrochemical 

sensors, fuel cells (FCs), and battery preparation.
[9]

 Most potential clean energy

conversion technologies, such as fuel cells, water electrolysis cells, metal-air batteries 

and CO2 to fuel conversion are entirely based on specific electrochemical processes.
[10]

For example, oxygen reduction reaction (ORR) and hydrogen oxidation reaction (HOR) 

occur at the cathode and anode of a hydrogen-oxygen fuel cell,
[11]

 respectively; ORR

and OER drive the discharging and charging processes in metal-air batteries,
[5]

respectively; and hydrogen evolution reaction (HER) and OER at the cathode and anode 

of an electrolytic cell produce molecular H2 and O2,
[4]

 respectively. Fig. 1.2 displays the

two pairs of electrochemical processes involving hydrogen and oxygen. These reactions 

have received much attention and a significant volume of research has been conducted 
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to lessen the overpotential for real applications. HER-HOR pair reactions are considered 

as the simplest set of electrochemical reactions due to the simplicity of reactants, 

products and the two-electron transfer process. One the other hand, OER-ORR pair 

reactions occur through four-electron transfer process and are fundamentally treated as 

the elementary steps for many oxygen-involving reactions, such as electrocatalytic CO2 

reduction,
[12]

 CO oxidation,
[13]

 and methanation reaction.
[14]

  

 

Fig. 1.2 Polarisation curves for hydrogen and oxygen involving paired electrochemical 

reactions. The plots are not drawn to accurate scale.
[10]

 

1.3.2 Principles of Electrocatalysis 

Electrocatalysis is defined as the relative capability of dissimilar substances, when 

used as electrode surfaces under the same experimental conditions, to accelerate the rate 

of a certain electrochemical process during a Faradic reaction. In most cases, 

electrocatalysis is a kind of heterogeneous catalysis, meaning the reaction occurs at the 

catalyst surface loaded on an electrode. In electrocatalysis, adsorption-desorption steps 

primarily exist on the electrocatalyst surface. Hence, electrocatalysis and heterogeneous 

catalysis are narrowly related phenomena, the difference resulting from the net charge 

transfer in electrochemical reactions. This net charge transfer causes the reaction rate to 
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depend on the electrostatic potential drop that develops at the interfacial region between 

the electrode and the electrolyte. As such, the electrode potential accelerates the desired 

reactions by supressing the unwanted ones. As electrocatalysis is heavily dependent on 

electrode potential, a 1 V electrostatic potential change on an electrode is equivalent to a 

change in free energy by nearly 100 kJ mol
-1

.
[15]

 In comparison, traditional 

heterogeneous catalysis occurs though the utilisation of temperature to influence the 

reaction rates and shifts the thermodynamic equilibrium. 

Unlike conventional catalysis, the comparative electrocatalytic properties of a set of 

materials are not necessarily constant.
[16]

 The catalytic activity of different electrode 

materials can be compared with the relative current density at a constant overpotential 

or overpotential at constant current density. One key difference between traditional 

heterogeneous catalysis and electrocatalysis is the compensation of activation energy for 

certain chemical processes. In electrocatalysis, the electrode potential not only 

influences the activation energies but also affects the structure of the interfacial region, 

which in turn affects the interfacial process rate. Eventually, a drastic change in reaction 

rate may be observed if variation of the electrode potential changes the state of the 

electrode surface. In comparison, heterogeneous catalysis directly affects the activation 

energies of certain chemical processes with fewer complications than in electrocatalysis. 

It is now agreed that electrocatalysis is developed at the interface of 

electrochemistry and heterogeneous catalysis, where heterogeneous catalysis serves as a 

conceptual base. In the last few decades, these two fields have merged closer to meet 

new technological and fundamental challenges. Phenomenal progress on 

electrocatalysis has been made in recent years and the broader application of 

electrocatalysis is often encountered in many real devices, such as FCs, rechargeable 

batteries, and supercapacitors. In many real devices, which are predominantly based on 

electrochemical processes, reversible oxygen electrocatalysis (e.g. ORR and OER) plays 
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an important role and is considered the determining factor for overall efficiency 

performance. In electrosynthesis, the most important and widely studied catalysed 

reactions are water electrolysis,
[17]

 chlorine production,
[18]

 hydrogen peroxide 

production,
[19]

 electrochemical hydrogenation
[20]

 and electrochemical CO2 reduction
[21]

 

reactions. 

1.3.3 Factors Influencing Electrocatalytic Performance 

There are a number of factors, which can greatly influence the electrocatalysis and 

affect the power of the catalyst materials: 

(i) Activity: The catalytic ability of a catalyst to increase the reaction rate is 

known as the activity of the catalyst. Typically, an optimum level of adsorption and 

desorption rates of reactants and products determines the activity of a catalyst. For most 

catalysts, it is highly desirable to determine the intrinsic site activity to evaluate its site 

efficiency relative to the other catalysts active for a given chemical reaction regardless 

of the amount of catalyst, or the concentration of reactants or products. The intrinsic 

activity reflects the catalytic essence of the reaction sites. Traditionally, catalytic 

activity was expressed as the rate per weight of catalyst based on the advent of surface 

area measurement using physisorption. In 1968, Michel Boudart proposed the use of 

turnover frequency (TOF) based on chemisorption
[22]

 as an excellent descriptor. The 

TOF value has a unit of sec
-1

, reflecting the number of molecules reacting per 

(chemisorption) site per second. This measurement has now become the standard in 

fundamental studies of catalytic reactions, especially for catalysts containing metals or 

their derivatives. However, the catalytic activity of a catalyst may not be truly 

characterised by their TOF or overpotential (η) separately. Savéant et al.
[23]

 

demonstrated a parameter that linked TOF and η to evaluate the activity of molecular 
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catalysis. The log TOF-η is linear, giving rise to Tafel’s law, which is a more efficient 

way to characterise catalysts using the value of TOF at zero overpotential. 

Fig. 1.3 Standard potentials of various electrocatalytic process at pH 7.0 and relative 

potential scale showing the closeness of competing reactions.
[24]

(ii) Selectivity: In principle, electrocatalysis is completely dependent on the

applied potential for a certain electrochemical reaction. However, the reaction rate has 

often not been found to increase with the increase of potential, meaning a certain 

potential value or a range of values is needed to evaluate the degree of electrocatalysis 

on a specific catalyst. The fundamental way to determine the catalytic power of a 

catalyst is to consider the reaction rate at point zero charge (PZC) where no charge 

dependence affects the reaction rate.
[25]

 In addition, it is important to make sure that the

competing reactions under a narrow potential range have been avoided. For example, 

thermodynamic reversible potentials are quite close, which makes the tracking of 

specific reactions more difficult (Fig. 1.3). Therefore, for a desired oxidation reaction, 

the thermodynamic reversible potential must be at least 0.5 V more negative than the 

reversible potential of the next anodic reaction possible in the system under 

consideration.
[26]

E 

E 

i (mA cm-2) E 

E (V vs. RHE)

2H+ + 2e‐ ↔ H2 +0.00 V

CO2 + 2H+ + 2e‐ ↔ CO + H2O -0.11 V

CO2 + 6H+ + 6e‐ ↔ CH3OH + H2O +0.02 V

CO2 + 8H+ + 8e‐ ↔ CH4 + 2H2O +0.16 V

2CO2 + 12H+ + 12e‐ ↔ C2H4 + 4H2O +0.07 V

2CO2 + 12H+ + 12e‐ ↔ C2H5OH + 3H2O +0.08 V

3CO2 + 18H+ + 18e‐ ↔ C3H7OH + 5H2O +0.09 V

O2 + 4H+ + 4e‐ ↔ 2H2O +1.23 V

E vs. RHE

H+/H2 O2/H2O

CO2/fuel
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(iii) Conductivity: Since the electrochemical reactions occur at the interface 

between an electronic and ionic conductor, certain interfaces such as solid/liquid; 

solid/polymer and solid/solid are formed. Due to these interface formations, the 

conductivities of electrolytes and electrocatalysts are important for the overall 

electrocatalytic performance of a certain catalyst. Typically, free charge accumulation at 

the interface within the potential scan where no Faradic process occurs is called the 

electrical double layer (EDL). For a simple case, the ions are chemisorbed 

approximately within the radius of the absorbing species and the plane they go through 

is called the inner Helmholtz plane (IHP). Ions that are attracted only electrostatically to 

the electrode surface keep their hydration shell and thus may approach the electrode at a 

distance that corresponds to the radius of the hydrated ion. The centre of charge of this 

layer of closest approach is called outer Helmholtz place (OHP) and the corresponding 

part of the EDL is usually called the compact layer. The counteracting electrostatic 

force acting on the ions towards the electrode is an entropic force that entails a 

continuous decay of the ion concentration to the bulk value with increasing distance 

from the electrode. Therefore, the diffusion of EDL and its subsequent extension are 

heavily dependent on the conductivity of the electrolyte. However, it can be neglected 

for concentrated solutions (~ 1.0 M) and reaches up to several tens of nanometres for 

dilute electrolytes (≤ 10
-3

 M). Nevertheless, in concentrated electrolyte, the electrical 

EDL behaves similarly to the capacitor whereby the electrode surface and the OHP take 

on the role of capacitor plate. Thus, the EDL can be charged or discharged by changing 

the electric potential of the electrode with respect to the electrolyte. 

The electronic conductivity of the electrocatalyst loaded on the electrode is also 

critically important for electrocatalytic processes. For example, the conductivity of 

transition metal is generally determined by the degree of the interaction between the 

orbitals of the ions in the lattice and by the number of d-electrons of the transition metal 
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cations. In general, the potential drops in the space charge layer, which is negligible for 

p-type semiconductors due to the accumulation of holes in the surface under anodic bias 

for OER processes. It is quite common to see in the literature that the oxide surface 

often undergoes oxidation under anodic potential bias, resulting in an increase of 

oxygen concentration accompanied by the increase of the cation valence leading to 

improved conductivity.
[27]

 However, this local conductivity improvement may not 

provide a significant impact on the overall electronic conductivity enhancement of the 

electrocatalyst. Therefore, the graphitic carbon which owns high electronic conductivity 

and considerable electrochemical inertness is of ultimate choice for this purpose. 

Recently, the introduction of carbon material with the metal oxide in the form of 

composites becomes extensively popular to improve the overall conductivity of 

electrocatalysts, thereby better electrocatalytic performance.
[3]

 

(iv) Stability: In addition to the electrocatalytic activity and electronic 

conductivity, stability of the electrocatalyst is another important parameter that needs to 

be addressed for a specific electrochemical reaction. For example, a variety of 

promising solar water splitting devices have been designed for electrochemical 

conversion of water into hydrogen and oxygen.
[4]

 However, for a large scale industrial 

applications, such devices need to retain their operational stability of about 3000 h per 

year for over 10 years, which is quite challenging to achieve. Irrespective of the energy 

source, electrochemical water splitting is conducted using acidic or alkaline water 

electrolysers. As the stability of non-noble metal-based catalysts in acidic media is quite 

rare, the application of earth-abundant materials suggests the use of alkaline media. 

Generally, a stable or insignificant increase in the overpotential is inferred for high 

long-term stability of the catalyst.  
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Fig. 1.4 Experimental protocol for the advanced evaluation of the long-term stability of 

electrocatalysts for OER. DS, recorded dataset.
[28]

However, some of the effects during long-term stability testing, such as blocking of 

the catalyst surface by evolved gas bubbles and detachment of the catalyst from the 

electrode surface, may result in the decrease of the catalyst’s active surface area 

exposed to the electrolyte.
[28]

 These physical effects can determine the overall catalytic

performance of a catalyst, but are not strongly related to the actual electrochemical 

degradation of the electrocatalysts. The electrocatalytic deactivation or degradation of 

the electrocatalyst is quite severe in OER due to the high anodic potential applied 

during the electrocatalysis. Schuhmann et al.
[28]

 reported a systematic experimental

strategy to evaluate the long-term stability of IrO2 particles towards OER in alkaline 

solutions. This protocol includes electrochemical impedance (EIS), double layer 

capacitance (DLC), cyclic voltammetry (CV) and galvanostatic polarisation (GSS) 

measurements as presented in Fig. 1.4. The measurements of the above electrochemical 

parameters can successfully assess the electrochemical stability of an electrocatalyst for 

OER. In addition, the stability of a traditional catalyst or electrocatalyst is often 

characterised by its turn over number (TON). A TON of 10
6
-10

10
 indicates a stable and

long-lived catalyst. 

EIS DLC CV GSS

N-times = N cycles

DS1 DS2 DS3 DS4
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Fig. 1.5 A metal atom (small grey circle) with a small lattice constant was inserted as an 

impurity or overlayed at the surface of a metal (large white circles) with a large lattice 

constant; the embedding density, and therefore the local d-band width, were lowered 

and the centre of the d-band (εd) had to up shift to preserve the degree of d-band filling 

(grey shaded area). For a large metal atom on a small metal atom substrate the opposite 

was found.
[29]

 

(v) Electronic structure: For a given electrochemical reaction, a comparative 

reaction rate on a substrate having different d-character and work function can be 

theoretically assessed. The effect of electronic structure on the electrocatalytic power 

can be correlated by d-band model.
[29]

 This model explains and predicts the trend in the 

behaviour of chemisorption energies for various adsorbates on metal containing 

surfaces. In brief, if the environment of surface metal atoms changes, its embedding 

density also changes and so does the local bandwidth of the d-bands. In the presence of 
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metal impurity or overlayed systems (Fig. 1.5), a net change in the local occupation of 

d-states at any site will result in the centre of the d-bands moving in response to the 

changed d-band width. As illustrated in Fig. 1.5, the d-bands are more than half-filled 

for metal, a decreased embedding density and the accompanying d-band narrowing will 

give rise to an upshift of d-band centres (εd). The d-bands for the transition metal are 

less than half-filled, therefore a downshift of εd would result to maintain the same d-

band filling. Based on this d-band theory, the electrocatalytic power of some metals and 

alloys have successfully been predicted and validated by experimental observations.
[30-

32]
 

(vi) Surface structure: In an organic oxidation reaction, where the breaking of 

a bond is the rate-determining step (RDS), geometric factors might have serious impacts 

similar to those in chemical catalysis. An increase in the defect concentration is 

important for increasing catalysis in some electrode reactions, such as HOR. Typically, 

the local work function is lower at a defect than on the crystal planes, meaning that the 

surface configuration sometimes plays a significant role in electrocatalysis depending 

on the mechanism of an electrocatalytic reaction. As a typical example, the edge activity 

of 2H-MoS2 is more prominent than the basal plane activity for (HERs), which was 

predicted by Nørskov et al.
[33]

 and further validated by experimental evidences.
[34, 35]

  

(vii) Utilisation of redox system to alter the overall reaction pathway: The 

effect of a redox system could have significant impacts on the overall electrocatalytic 

process. To realise such a phenomenon, the redox system should: (a) have a standard 

potential in the neighbourhood of the reversible potential; (b) the recorded current value 

for charge transfer should be much greater that those originating from direct charge 

transfer from the reactants; and (c) a sufficiently high rate constant for homogeneous 

phase oxidation. 
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(viii) External environmental effects: The use of photo, sono and other forms of

energy can deliver significant acceleration of certain reactions in electrocatalysis.
[26]

1.4 Oxygen Evolution Reaction 

OER is one of the most common and important anodic processes in electrocatalysis 

in a wide variety of electrolytes. However, the OER mechanism is relatively complex 

compared to other electrochemical reactions, because of the formation of many 

intermediate states during the reaction.
[27]

 The generally accepted OER pathways in

both acidic and basic electrolytes involving four-electron transfer are shown in Table 

1.
[36, 37]

Table 1 Overall OER reaction pathway in both acidic and alkaline electrolytes.
[10]

OER Process (electrolyte) Reaction pathway 

2H2O → O2 + 4H
+
 + 4e

-

(acidic electrolyte) 

* + H2O → *OH + H
+
 + e

-

*OH → *O + H
+
 + e

-

*O + H2O → OOH* + H
+
 + e

-

*OOH → *O2 + H
+
 + e

-

*O2 → * + O2

4OH
-
 → O2 + 2H2O + 4e

-

(alkaline electrolyte) 

* + OH
-
 → *OH + e

-

*OH + OH
-
 → H2O + *O + e

-

*O + OH
-
 → *OOH + e

-

*OOH + OH
-
 → *O2 + e

-

*O2 → * + O2
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1.4.1 Nanostructured OER Electrocatalysts 

Recently, nanostructured materials received noteworthy attention owing to their 

large surface area and unique electronic properties, beneficial for electrocatalysis. A 

number of studies suggest the superior electrocatalytic performances of nanostructured 

materials compare to their bulk counterpart. The detailed discussions on the 

nanostructured electrocatalysts are presented in the foregoing sections. To prepare a 

realistic OER electrocatalyst for technological applications, certain requisites need to be 

confirmed, such as high electrocatalytic activity, high electronic conductivity, high 

electrocatalytic stability, high surface area, good electrocatalytic behaviour, good 

electrocatalytic selectivity, minimisation of gas bubbles, low-cost, and safety in relation 

to health.
[18, 27]

 In addition to these requirements, there are few fundamental factors that 

can greatly influence the overall OER process, such as band structure, metal-oxygen 

bond strength, number of d-electrons, crystal field stabilisation energy (CFSE), effective 

Bohr magneton and surface oxidation-reduction cycle of an electrocatalyst.
[27]

 

1.4.2 Screening Protocol for OER Active Catalysts 

The origin of the OER electrocatalytic activity of a catalyst is generally determined 

by its inherent properties. These supply the theoretical foundation for us to screen OER 

catalysts based on their physicochemical properties. For example, the Sabatier principle 

has long been successfully implemented to predict the activity of many heterogeneous 

catalysts.
[38]

 According to the Sabatier principle, the interaction between the reactants 

and catalysts should be neither too strong nor too weak. In other words, if the 

interaction is too weak, then there will be no reaction on the surface because it is 

difficult for the catalyst surface to bind the reactants. Conversely, if the interaction is 

too strong, then the reactant or product is difficult to desorb from the catalyst surface, 
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lowering the catalytic activity. Therefore, we can screen the OER catalysts based on the 

binding energy of intermediates on the surface of candidate materials. 

It is believed that the activation energy of the slowest elementary electrochemical 

step can effectively control the relationship between electrode overpotential and 

electrocatalytic rate of a reaction process and thereby the electrocatalytic performance. 

As mentioned in section 1.4, the OER process proceeds though the formation of three 

major intermediates (*O, *OH and *OOH): 

2𝐻2𝑂
∆𝐺1

→
∗ 𝑂𝐻 + 𝐻+ + 𝑒− + 𝐻2𝑂         (1.1) 

∗ 𝑂𝐻 + 𝐻+ + 𝑒− + 𝐻2𝑂
∆𝐺2

→
∗ 𝑂 + 2𝐻+ + 2𝑒− + 𝐻2𝑂      (1.2) 

∗ 𝑂 + 2𝐻+ + 2𝑒− + 𝐻2𝑂
∆𝐺3

→
∗ 𝑂𝑂𝐻 + 3𝐻+ + 3𝑒−       (1.3) 

∗ 𝑂𝑂𝐻 + 3𝐻+ + 3𝑒− ∆𝐺4

→
𝑂2 + 4𝐻+ + 4𝑒−        (1.4) 

According to these four preliminary steps involved in the OER process, the Gibbs 

free energy diagram of an ideal (orange) and real (blue) catalyst can be presented (Fig. 

1.6). For example, the individual chemisorption energies of each intermediate on RuO2, 

IrO2 and TiO2 catalysts’ surfaces are assumed to be associated with the Gibbs reaction 

energy order ∆G3>∆G1 = ∆G2>∆G4, meaning that the formation of peroxide 

intermediate (∆G3) is the thermochemically least favourable step for the real catalyst. 

[39]
 It can also be realised from Fig. 1.6 that the *OOH species have bound too weakly 

on the catalyst surface. The ideal catalytic reaction shows equally spaced chemisorption 

energies of the intermediates and hence equal Gibbs reaction energies for each 

elementary step; ∆G3 = ∆G1 = ∆G2 = ∆G4. For instance, at a potential of η=-1.23 V, 

corresponding to an electrode overpotential 0 V vs. NHE (“zero bias” at pH 0), the 
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overall change in free energy of the four-electron water splitting reaction amount should 

be 4.92 eV. 

Fig. 1.6 Approximate Gibbs free energy diagram for chemisorption of the intermediates 

vs. the reaction coordinates. Blue and orange lines indicate the energetics of real 

(typical) and an ideal catalyst, respectively, at three different electrode potentials. 

Dashed lines indicate energetics at the electrode potential where all thermochemical 

barriers disappear (“thermochemical overpotential”); ∆Gi corresponds free energies of 

each the elementary steps. The orange ideal case corresponds to a catalyst with zero 

overpotential.
[36]

For the ideal catalyst, it would exhibit a Gibbs free energy of 1.23 eV for each step. 

Taking water as the zero point of the energy scale, the Gibbs free energies of the 

adsorption of the ideal intermediates would be 1.23, 2.45 and 3.69 eV for *OH, *O and 

*OOH, respectively. However, for the real catalyst, at a reversible potential of E2 (Fig.

1.6, centre, solid blue and dashed orange traces), ∆G1 and ∆G2 vanish, ∆G4 is negative 

and ∆G3 remains positive, hindering the OER. From this observation, the formation of 

the *OOH intermediate can be identified as the RDS for the OER process. It can also be 

deduced from Fig. 1.6 that under a more positive electrode potential than the 

equilibrium potential, the Gibbs free energies of the products and intermediate states 
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shift downward compared to those under the equilibrium potential. Consequently, the 

Gibbs free energy change for the RDS will be reduced, and thereby the whole reaction 

will proceed at a much faster rate. Further increases of the positive potential (> E3) will 

result in negative Gibbs free energy change for the RDS and the whole OER process is 

said to be “activated”.
[10]

 

 

Fig. 1.7 Structures of the left 2/3 of a monolayer of water, *OH and water, *O and 

water *OOH and water. Top view (top) and side view (bottom). The free energies 

relative to water and H2, for the intermediates with and without the water molecules are 

listed in the central row.
[40]

 

Nørskov et al.
[40]

 demonstrated the computational way to use density functional 

theory (DFT) to find suitable descriptors for the OER process. In their work, Pt(111) 

surface was used as a natural starting point catalyst for OER, since Pt(111) is the best 

catalyst for ORR (opposite reaction of OER). At first, the water layer was allowed to 

adsorb on the oxidised metal surface of the catalyst. Initially, the hydrogen bonds 

between adsorbed *O and water molecule are weak, whereas *OH and *OOH are polar 

and can form stronger hydrogen bonds with water. Consequently, *OH and *OOH 

species are stabilised compared to *O atoms. At low coverage *OH and *OOH are 

H2O HO*+H2O O*+H2O HOO*+H2O

∆G0=1.58eV

∆G0+ ∆Gw=1.58eV

∆G0=4.35eV

∆G0+ ∆Gw=4.13eV

∆G0=1.13eV

∆G0+ ∆Gw=0.80eV
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stabilised even further if the water molecules are adsorbed on the surface in planes with 

the dissociated species, as shown in Fig. 1.7. Therefore, OER activity can be related to 

the oxygen adsorption free energy (∆G*O).
[39, 40]

 

The screening protocol of OER active electrocatalysts is often carried out using 

volcano plot activity. The pioneering work on the OER volcano plot was first reported 

by Trasatti, who considered the enthalpy of transition from lower to higher oxidation 

states of metal in metal oxides as an activity descriptor to analyse the electrocatalytic 

activity of oxide electrodes.
[18]

 According to this guideline, metal oxides that are 

oxidised with difficulty are not very active because the intermediates are weakly 

adsorbed on the surface; hence the water dissociation in the RDS is slower. On the other 

hand, oxides that are readily oxidised are also not very active because the intermediates 

are strongly adsorbed and the separation of oxygenated species becomes difficult. 

Therefore, an optimum level of oxidation of certain catalysts is recommended for OER 

catalysis on metal oxide surfaces. This guideline has been quite effective for designing 

efficient OER catalysts for some times. 

Recently, OER activity has been successfully demonstrated to be related to a single 

descriptor (∆GO* ̶ ∆GHO*), which is an universal descriptor for various types of oxide 

surfaces, including rutile, perovskite, spinel, rock salt and bixbyite oxides.
[37]

 Based on 

the scaling relationship of the intermediate species formed during the OER catalysis,
[37, 

39, 40]
 a volcano-shaped plot has been established which interprets the relative OER 

activity of different kinds of metal oxides. As a whole, a number of screening protocols 

has been established that can successfully predict the OER activity of certain types of 

material. To establish an universal descriptor and screening protocol for a wide variety 

of materials still remain a challenge. 



43 

1.4.3 Current Status of OER Catalysts 

As evident from the literature, a significant number of nanostructured materials 

have been utilised as OER catalysts. The types of material utilised for OER to date can 

be broadly classified as precious metal oxides, transition metal (oxy) hydroxides, 

transition metal oxides, transition metal chalcogenides and non-metals. A 

comprehensive review of each type of catalyst is presented below. 

1.4.3.1 Precious Metal Oxides 

The first study on OER catalysis using single precious metals was conducted in 

1966, where the experimental overpotential sequence in acidic solution was given as Ru 

< Ir < Pd < Rh < Pt.
[41]

 However, a significant amount of oxidised products on the metal 

surface was formed due to the applied anodic potentials during OER catalysis, leading 

to the corrosion of the metal catalysts.
[42]

 Interestingly, a reverse trend of OER activity 

and stability of some metal-based oxides was later reported. The most active oxides 

based on their corresponding overpotentials (Au >> Pt > Ir > Ru >> Os) were 

demonstrated to be the least stable (Au >> Pt > Ir > Ru >> Os) in acid solution as shown 

in Fig. 1.8.
[42]

 It is believed that activity and stability are controlled by the nobility and 

density of defects on the oxides. It also revealed that the functionality is entirely 

governed by the nature of metal cations and the potential transformation of stable metal 

cations with a valence state of +4 to unstable metal cations with >+4. So far, rutile-type 

ruthenium oxide (r-RuO2) shows the highest OER activity in both acidic and basic 

solutions.
[43, 44]

 However, the stability of RuO2 in acidic solutions is very low since it 

cannot persist in its virgin form rather than forming ruthenium tetraoxide (RuO4), which 

is soluble in the electrolyte solution.
[45]

 Consequently, the activity of RuO2 vanished due 

to the irreversible formation of oxidised product (RuO4) on the RuO2 surface. Another 

alternative to RuO2 is IrO2 which can afford a potential bias up to 2.0 V with a slightly 
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higher overpotential compared to RuO2. Using the merits of nobility and activity, 

alloying of noble metals or their oxides reportedly improves stability compared to their 

individual properties.
[46-49]

 In addition, ternary oxides containing tantalum (Ta) and tin 

(Sn) like RuIr0.5Ta0.5Ox and Sn0.5Ru0.25Ir0.25O2 have also been introduced to maintain the 

mixed valences (III-IV) of Ru cations in RuOx for inhibiting anodic corrosion during 

OER catalysis.
[50, 51]

 

 

Fig. 1.8 Activity-stability relationships of monometallic (Au, Pt, Ir, Ru and Os) oxides 

for OER. (a) Inverse trends of the activity and stability of the individual oxides prepared 

by thermal chemical (TC) and electrochemical (EC) oxides; (b) schematics of 

crystalline TC-oxide and amorphous EC-oxide structure; (c) OER polarisation curves of 

single and poly crystalline electrodes.
[42]

 

1.4.3.2 Transition Metal (oxy) Hydroxides 

Transition metal hydroxides, especially the first raw transition metal hydroxides, 

have been of particular interest in OER catalysis in water-alkali electrolysers (WAEs), 

as they can survive in alkaline solution for a long run unless any chemical 

transformations take place during electrocatalysis. Other reasons for transition metal 

hydroxides being popular OER catalysts are their low-cost, earth-abundance, and superb 

OER activity, which also favour their use in water electrolysis or photoelectrolysis 

systems at a scale commensurate with global energy use. To date, several intensive 
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studies on the electrocatalytic properties of Mn, Fe, Co and Ni based hydroxides have 

been conducted. 

 

Fig. 1.9 The OER activity trend of 3d-transition metal based (oxy) hydroxides.
[52]

 

Markovic et al.
[52]

 studied the thin-film electrodes with low catalyst loading to 

avoid the discrimination of surface area and electronic conductivity. Four different types 

of metal (oxy) hydroxides (MnOxHy, FeOxHy, CoOxHy and NiOxHy) were grown on 

single-crystal Pt and the activity trend was reported to be NiOxHy > CoOxHy > FeOxHy 

> MnOxHy (Fig. 1.9). This activity trend was correlated with the “oxophilicity” of each 

metal. In other words, increasing OER activities can be tuned on the basis of decreasing 

strength of the OHad ̶ M
n+

 interaction. Ni (oxy) hydroxide was proven to be chemically 

unstable and a poor OER catalyst. It can however, substantially adsorb Fe impurities 

from the electrolyte during electrocatalysis and become activated for OER catalysis.
[53]

 

Considering the Fe impurities in the electrolytes, the activity trend of transition metal 

(oxy) hydroxides was later given as Ni(Fe)OxHy > Co(Fe)OxHy > FeOxHy-AuOx > 

FeOxHy > CoOxHy > NiOxHy > MnOxHy.
[54]
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Apart from intrinsic OER activity, a wide variety of metal hydroxides has been 

studied. For instance, hollow sphered α-Ni(OH)2 can afford a current density of 10 mA 

cm
-2

 at a small overpotential of 331 mV with a small Tafel slope of ~42 mv dec
-1

.
[55]

 

The amorphous Ni-Co double hydroxides (Ni-Co ADHs) are also reported to be 

efficient OER catalysts, where the nanocage structured NiCo2.7(OH)x  shows excellent 

OER activity with outstanding electrocatalytic stability (Fig. 1.10).
[56]

 More 

importantly, the ratio between Ni and Co can substantially tune the OER activity of 

such catalyst systems. Recently, a record OER performance was reported with an 

overpotential of 191 mV at the current density of 10 mA cm
-2

 using gelled-FeCoW oxy-

hydroxide.
[57]

 

 

Fig. 1.10 (a) Schematic of nanocage preparation; (b) SEM, (c) TEM, (d) HRTEM 

images, (e, f) EDS measurements of the Ni-Co ADHs with Ni/Co ratio of 1:2.7.
[56]

 

(a) 

(b) (c) 

(d) (e) (f) 
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Another special type of metal hydroxides, layered double hydroxides (LDHs), 

possesses unique structural properties and exhibit promising OER activity. However, 

due to their poor electronic conductivity, they are often prepared with carbon 

nanostructures to further enhance the OER performance. Currently, Ni and Fe -based 

LDHs (Ni-Fe LDH) outperform the benchmark Ir/C catalyst.
[58, 59]

 Yan et al. studied

four different types of LDHs and the OER activity trend was NiFe-LDH > CoFe-LDH > 

CuFe-LDH > ZnFe-LDH.
[60]

 A partial literature review on the transition metal (oxy)

hydroxides is presented in Table 2. 

Table 2 A partial literature summary of the OER performances of transition metal (oxy) 

hydroxides. 

Catalysts 

Onset 

potential 

(mV) 

η@10 

mA cm
-2

(mV) 

Tafel slope 

(mV dec
-1

) 

Mass 

loading 

(mg cm
-2

) 

Substrate Electrolyte Ref. 

MnOxHy ~350 - ~112 ~0.01 Pt 1.0 M KOH 
[54]

FeOxHy ~310 - ~40 ~0.01 Pt 1.0 M KOH 
[54]

CoOxHy ~280 - ~60 ~0.01 Pt 1.0 M KOH 
[54]

Ni0.71Fe0.29OxHy ~250 - ~40 ~0.01 Pt 1.0 M KOH 
[54]

Ni0.92Mn0.08OxHy ~320 ~80 ~0.01 Pt 1.0 M KOH 
[54]

G-FeCoW ~170 191 - - Au foam 1.0 M KOH 
[57]

FeNi-rGO LDH ~195 206 39 0.25 Ni foam 1.0 M KOH 
[61]

G-FeCo ~200 215 - - Au foam 1.0 M KOH 
[57]

NiFe-LDH/CNT ~220 ~230 31 0.2 GCE 1.0 M KOH 
[58]

A-FeCoW ~200 232 - - Au foam 1.0 M KOH 
[57]

NiFe-LDG/G ~220 259 39 0.14 Au 1.0 M KOH 
[59]

FeCoLDH ~222 279 - - Au foam 1.0 M KOH 
[57]

NiFe-LDH/CNT ~270 ~300 35 0.2 GCE 0.1 M KOH 
[58]

NiFeLDHs ~250 300 40 0.07 GCE 1.0 M KOH 
[62]

NiFe-LDH ~170 ~320 47 - GCE 0.1 M NaOH 
[60]

α-Ni(OH)2 ~280 331 42 ~0.2 GCE 0.1 M KOH 
[55]

NiCo2.7 (OH)x 

ADHs 
~250 350 65 0.2 GCE 1.0 M KOH 

[56]

NG-NiCo 350 ~360 614 - Ni foam 0.1 M KOH 
[63]

β-Ni(OH)2 ~282 444 111 ~0.2 GCE 0.1 M KOH 
[55]

CoOOH ~420 550 - - Au 0.1 M KOH 
[52]
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1.4.3.3 Metal Oxides 

Metal oxides have long been known to electrocatalyse water oxidation and 

significant research progress has been made in the last few decades. The advantages of 

using these catalysts for OER are their low-cost, natural-abundance and good OER 

activity. This class of catalysts can be subdivided into single component, binary spinel, 

mixed and perovskite type oxides.  

1.4.3.3.1 Single Metal Oxides 

Cobalt Oxides 

The most studied single metal oxides are Ni- and Co-based oxides. However, their 

activities are still not comparable to that of precious Ru or Ir -based oxides. Co3O4, a 

typical example of this group, has been heavily studied as an OER catalyst and is often 

regarded as the benchmark for OER.
[64]

 Since Co and its oxides are not stable in acid 

solution, their OER performances are usually evaluated in alkaline solutions.
[65]

 

Different types of nanostructured cobalt oxides (CoOx) possessing various oxidation 

states (Co3O4, CoO, ε-Co) with identical size and shape show almost similar OER 

activity in alkaline solution.
[66]

 The similar OER activity of different forms of Co-based 

oxides is believed to be related to the successive electrochemical oxidation of Co
n+

 to 

Co
IV

,
[67]

 which has been further reinforced by ex situ electron paramagnetic resonance 

spectroscopic (EPR) study.
[68]

 

To date, a number of strategies have been adopted to engineer surface active sites 

and to increase the accessibility of electrochemical surface area for the improvement of 

OER performance. The surface engineering tactics are typically conducted by the 

incorporation of various metal ions including Fe,
[69]

 Ni,
[70]

 Cu
[71]

 and Zn
[72]

 into Co3O4. 

This technique has enhanced the overall OER performance of Co3O4, resulting from the 
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change in electronic structure, conductivity and charge transfer ability. In addition to 

metal ion doping, lithiation of Co3O4 is also an efficient way to improve the OER 

performance of Co3O4.
[73]

 Many researchers have also manipulated the surface area of 

Co3O4 by preparing various mesoporous frameworks with ordered mesopores,
[74, 75]

 

beneficial for improving OER performance. 

 

Fig. 1.11 (a) Schematic for the preparation of hybrid Co3O4-carbon porous nanowire 

arrays; (b) polarisation curves; (c) Tafel plots of various electrocatalysts for OER.
[76]

 

Apart from the surface active sites and surface area, three-dimensional (3D) hybrid 

structures with controlled compositions can significantly improve OER performance 

and produce superior electrochemical stability. For instance, Qiao et al. demonstrated 

the preparation of a metal-organic framework (MOF) derived hybrid Co3O4-carbon 

porous nanowire array grown on Cu foil by a facile carbonisation method.
[76]

 The large 

surface area and carbon content resulting from the unique nanowire assembly and in situ 

carbon incorporation improved the mass/charge transport capability and easy release of 

(a) 

(b) (c) 
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oxygen gas bubbles during the OER catalysis. This hybrid catalyst exhibits an onset 

potential of 1.47 V (vs. RHE) in 0.1 and 1.0 M KOH electrolyte (Fig. 1.11) with superb 

electrocatalytic stability. Many different kinds of 3D hybrid nanostructures have also 

been developed to efficiently improve electrocatalytic OER performances.
[77, 78]

 A 

recent systematic review of the cobalt-based heterogeneous catalysts can be found 

elsewhere.
[79]

 

Nickel Oxides 

Nickel oxide (NiOx) is another cheap and earth-abundant material used as a 

commercially available electrolyser in highly basic solutions with its electrocatalytic 

performance increasing at high temperature.
[80]

 However, its electrocatalysing ability is 

somewhat lower than CoOx.
[81]

 It has been agreed that under applied potential, NiOx 

undergoes oxidation to form α-NiOOH before the OER takes place. According to 

Bode’s scheme,
[82]

 further increase of the applied potential results in successive 

transformation (Fig. 1.12) of different forms of NiOOH, such as β-NiOOH and γ-

NiOOH. Of course, the ageing plays an important role but the impact of ageing on OER 

process is still under debate.
[18, 83]

 A recent in situ Raman spectroscopic study for NiOx 

catalysts on OER processes posed a few questions involving the real active sites.
[84]

 In 

this work β-NiOOH was responsible for OER and the activity of this form of (oxy) 

hydroxide was three times higher than that of γ-NiOOH. Nevertheless, an unidentified 

oxide phase was believed to form just before the OER started and thereby, the real 

active sites remain unclear.  
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Fig. 1.12 Bode scheme for successive redox transformation of Ni(OH)2/NiOOH.
[82]

 

As an electrocatalyst, NiOx exhibits different Tafel slope values at low 

overpotential (60 mV dec
-1

) and high overpotential (120 mV dec
-1

), suggesting a 

different OER mechanism.
[85]

 This different mechanism confirms the complex OER 

mechanism on NiOx surfaces. Doping of foreign elements into NiOx hosts is another 

effective strategy for improving OER performance. A very recent report by Jaramillo et 

al. demonstrated the combined effect of Ce doping and Au as a metal support for 

electrodeposited NiOx for OER.
[86]

 The outstanding OER performance reported was 

systematically supported by theoretical and experimental observations, and was 

attributed to the geometric and electronic effects between the NiOx host and Ce dopant 

leading to the modification of the local electronic environment. As a result, the 

favourable binding energies of the OER intermediates (Fig. 1.13a) on the NiOx host and 

Au, facilitates the geometric accessibility of highly active under-coordinated Ni sites. 

This NiCeOx-Au system afforded overpotential of 271 mV to reach the current density 

of 10 mA cm
-2

 (Fig. 1.13b). 
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Fig. 1.13 (a) Theoretical overpotential as a function of Gibbs energy difference of *O 

and *OH adsorption; (b) OER activity difference between NiCeOx supported on either 

Au-coated or bare GC disks.
[86]

 

Manganese Oxides 

The manganese oxides (MnxOy) are one of the most studied groups in OER 

catalysis, as Mn is an important element in the splitting of water by photosynthetic 

organisms.
[87]

 In general, MnxOy catalysts possess lower OER activity than CoOx and 

NiOx due to the formation of stable MnO2 domains.
[88]

 So far, a series of manganese 

oxides (MnOx, Mn2O3, Mn3O4) are shown to have reasonable OER activity in alkaline 

and neutral electrolytes.
[89-91]

 According to Fiechter et al., manganese oxide catalysts 

undergo a significant structural change (Fig. 1.14) in alkaline electrolytes during the 

anodic potential sweep, which plays an important role in OER activity.
[90]

 The OER 

process is assumed to be connected to the presence of Mn (III) ions in the distorted 

lattice, structural disorder (oxygen point defects) and high variety in Mn-O bond 

distances. The α-Mn2O3 films display the onset overpotential of 170 V (vs. RHE) (@ 

0.1 mA cm
-2

) along with the current density of 20 mA cm
-2

 at 570 mV (vs. RHE) in 1.0 

M KOH electrolyte. 
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Fig. 1.14 Schematic illustration for the change in oxygen vacancies due to the 

interaction of manganese oxide octahedra (belonging to the bulk) and the electrolyte at 

the interface.
[90]

 

Other Metal Oxides 

Other first raw transition metal oxides, including TiO2, CuO2 and Fe2O3, have been 

studied as photon driven OER catalysts. Of these, TiO2 has been extensively studied to 

oxidise water under light irradiation. The band gap of TiO2 (~3.2 eV) is restricted to the 

UV region,
[92]

 but doping of TiO2 has been an effective strategy to enhance the 

utilisation of visible light.
[93]

 CuO2 (~2.0 eV)
[94]

 and Fe2O3 (~2.2 eV)
[95]

 have also been 

tested in photoelectrochemical (PEC) cells. As a whole, these catalysts are rarely used 

as an electrocatalyst for OER. 

1.4.3.3.2 Binary Metal-Based Spinel Oxides 

Spinel type binary transition metal oxides are widely studied as efficient OER 

catalysts. Among many spinel type oxides, CoFe2O4,
[96]

 NiCo2O4,
[97-99]

 ZnxCo3-xO4,
[72, 

100]
, CuxCo3-xO4,

[101]
 and LixCo3-xO4

[101]
 represent a typical class of potential OER 

electrocatalysts owing to their low-cost, earth-abundance, superior electrocatalytic 

activity and excellent corrosion resistance.
[102]

 However, the majority of these materials 

suffer from inferior electronic conductivity and low surface-to-volume ratio properties 

which hamper their electrocatalytic performance.
[103]

 As an example, 3D NiCo2O4 core-

shell nanowire structures (Fig. 1.15) were directly grown on flexible conductive carbon 

Bulk Surface Bulk Surface Bulk Surface

+ 2h+

+ 2 OH-

+ 2h+

+ 2 OH-
+ O2 (g) + H2O
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cloth substrates by a two-step method. This nanostructured electrode has OER 

overpotential of ~320 mV at current density of 10 mA cm
-2

 with superb stability, 

indicating the promising electrocatalytic activity and stability of spinel type binary 

transition metal oxides. 

 

Fig. 1.15 (a-d) SEM images at different magnifications of NiCo2O4 nanowire grown on 

carbon paper; (e) polarisation curves (inset shows the photograph of flexible electrode); 

(f) stability of the as prepared NiCo2O4 electrode.
[104]

 

1.4.3.3.3 Mixed Oxides 

Being a diverse class of materials, mixed metal oxides are appealing as OER 

catalysts. A comprehensive screening protocol has been established by Stahl et al.
[105]

 

(e) (f) 
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Nearly 3500 trimetallic oxide compositions have been investigated for OER activity, 

suggesting that the presence of Co and Ni are critically important for obtaining an OER 

active composition in alkaline electrolyte (Fig. 1.16). The activity of these single-metal 

oxides can be further enhanced by the incorporation of additional metal ions into the 

oxide. Particularly, Ni-Fe oxides containing a third metal (e.g. Ni-Fe-Al, Ni-Fe-Ga and 

Ni-Fe-Cr) have been predicted to be highly effective electrocatalysts for OER. 

 

Fig. 1.16 OER activities of the compositions containing each element: (a) all-inclusive; 

(b) composition without Co or Ni. 

1.4.3.3.4 Perovskites 

Over the past few decades, perovskite type oxides with the general formula of 

ABO3 (A: alkaline-earth or rare-earth metals and B: transition metals) have attracted 

attention due to their compositional and structural flexibility, and are reportedly 

efficient OER active catalysts in alkaline solution.
[106]

 Some of the perovskites, e.g. Ba-

Sr-Co-Fe (Fig. 1.17) exhibits ten times faster OER kinetics than IrOx.
[106]

 However, 

significant structural changes of perovskites from crystalline to amorphous are 

encountered due to the conversion of local structure from corner-sharing octahedral to 

edge-sharing octahedral, which is connected to the enhanced activity.
[107, 108]

 A partial 

literature review on metal oxide electrocatalysts for OER is presented in Table 3. 

 

 

Relative activities of compositions without Ni and CoRelative activities of all compositions

(a) (b) 
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Table 3 A partial literature summary of the OER performances of transition metal 

oxides. 

Catalysts Onset 

potential 

(mV) 

η@10 

mA cm
-2

 

(mV) 

Tafel slope 

(mV dec
-1

) 

Mass 

loading 

(mg cm
-2

) 

Substrate Electrolyte Ref. 

FeOx ~400 - 51 ~0.002 Various 1.0 M KOH 
[109]

 

CoOx ~370 - 42 ~0.001 Various 1.0 M KOH 
[109]

 

NiOx ~280 - 29 ~0.001 Various 1.0 M KOH 
[109]

 

Ni0.9Fe0.1Ox ~275 - 30 0.002 Various 1.0 M KOH 
[109]

 

a-Fe2O3 ~300 - ~40 - FTO 0.1 M KOH 
[110]

 

a-CoOx ~270 - ~40 - FTO 0.1 M KOH 
[110]

 

a-NiOx ~270 - ~70 - FTO 0.1 M KOH 
[110]

 

a-Fe33Co33Ni33Ox ~250 - ~30 - FTO 0.1 M KOH 
[110]

 

Mn3O4 ~320 - - - FTO 1.0 M KOH 
[90]

 

MnOx ~270 - - ~0.14 GCE 0.1 M KOH 
[89]

 

NiCeOx ~220 ~271 - - Au 1.0 M NaOH 
[86]

 

CoMoO4  312 56 0.289 GCE 1.0 M KOH 
[111]

 

ZnxCo3-xO4 ~290 ~320 51 1.0 Ti foil 1.0 M KOH 
[72]

 

ZnxCo3-xO4  320 51 ~1.0 Ti foil 1.0 M KOH 
[72]

 

NiCo2O4  320 63.1 - 
Carbon 

cloth 
1.0 M NaOH 

[104]
 

NiCo2O4  320 30 0.29 GCE 1.0 M KOH 
[99]

 

Co3O4/NiCo2O4 

DSNCs 
~300 ~340 88 1.0 Ni foam 1.0 M KOH 

[78]
 

LT-LiCoO2 ~330 ~340 52 0.25 GCE 0.1 M KOH 
[73]

 

NiCo2O4  340 75 ~0.25 GCE 0.1 M KOH 
[112]

 

NixCo3-xO4  340 65-74 - Ni foam 1.0 M KOH 
[113]

 

NiCo2O4  350 74.0 - 
Carbon 

cloth 
0.1 M KOH 

[104]
 

700-CoOx-C ~270 ~360 89 0.2 GCE 0.1 M KOH 
[114]

 

PNC/Co ~320 ~370 76 0.35 GCE 1.0 M KOH 
[115]

 

NixCo3-xO4  370 59-64 2.3-2.7 Ti foil 1.0 M NaOH 
[97]

 

NG-NiCo2O4 ~310 ~377 156 - PG 0.1 M KOH 
[77]

 

ZnCo2O4  390 76 - Pt 1.0 M KOH 
[100]

 

CuxCo3-xO4 ~300 ~394 59.6 0.1 GCE 1.0 M KOH 
[71]

 

NiCo2O4  ~398 - - GCE 0.1 M KOH 
[116]

 

α-Mn2O3 ~170 ~400 - - FTO 1.0 M KOH 
[90]

 

CoFe2O4/C  400 - 0.50 GCE 0.1 M KOH 
[96]

 

NiCo2O4/C  
430@5 

mA cm
-2

 
- 0.10‒0.23 

Graphite 

rod 
0.1 M KOH 

[117]
 

NiCeOx ~270 ~450 - - GCE 1.0 M KOH 
[86]

 

MnOx ~230 ~450 - - FTO 1.0 M KOH 
[90]

 

CoFe2O4  ~450 - 0.40 GCE 0.1 M KOH 
[118]

 

CoFe2O4/G  460 - ~1.0 GCE 0.1 M KOH 
[119]

 

MnCo2O4  ~470 - 0.4 GCE 0.1 M KOH 
[120]

 

NiCo2O4/G  ~472 164 ~0.40 GCE 0.1 M KOH 
[121]

 

MnCo2O4@PPY  ~480 - 0.4 GCE 0.1 M KOH 
[122]

 

Co3O4-CuCo2O4 ~297 498 - ~0.12 GCE 0.1 M KOH 
[75]

 

FeCo2O4/G  ~498 62 0.196 GCE 0.1 M KOH 
[123]

 

Mn0.2Cr0.8O1.5  ~640 ~436 1.0 Ti foil 0.1 M KOH 
[124]

 

NiCo2O4  
717@100 

mA cm
-2

 
68.49 2.0 Ti 0.1 M KOH 

[125]
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Fig. 1.17 OER activity of various perovskites as a function of occupancy of eg-

symmetry electron of transition metal counterparts.
[106]

 

1.4.3.4 Transition Metal Chalcogenides 

Transition metal chalcogenides (TMCs) are another interesting class of materials 

because of their motivating and technologically relevant electronic structure,
[126, 127]

 rich 

structural diversities, low-cost and high electrocatalytic activity for HER, ORR
[128]

 and 

OER.
[129-132]

 Few recent reports demonstrate that TMCs are a potential class of 

electrocatalysts for OER.
[133, 134]

 Out of many TMCs, Co and Ni -based chalcogenides 

are relatively popular for OER. For Co-based electrocatalysts, it is well documented that 

Co
IV

 states play a key role in enhancing OER activity.
[65, 66]

 It is also believed that the 

presence of Co
IV 

states can improve the electrophilicity of the adsorbed O and thus help 

to facilitate the formation of OER intermediates (OOH) via nucleophilic interactions. 

Further deprotonation via an electron-withdrawing inductive effect results in the 

generation of molecular O2. 

Yu et al. developed a composite structure of Mn3O4-CoSe2 as an efficient OER 

electrocatalyst in alkaline solution.
[135]

 According to their results (Fig. 1.18), a current 
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density of 10 mA cm
-2

 can be achieved at an overpotential of ~450 mV with a Tafel 

slope of ~49 mV dec
-1

, which is better than other control samples tested for OER. The 

authors believed that the superb OER activity of this composite comes from the surface 

Co
IV

 states of CoSe2 ultrathin nanobelts. Considering the Co 2p XPS results, it was 

proposed that Mn3O4 (Lewis acid) may show more acidity, which facilitates the 

activation of H2O (Lewis base) molecules through Lewis acid-base interactions, thereby 

enhancing the OER activity of this hybrid catalyst. Many cobalt and nickel based 

sulfides have been reported to be promising OER catalysts in alkaline solution.
[133, 134, 

136]
 However, due to the high anodic potential sweep, the sulfur atoms undergo 

oxidation and in some cases the materials are completely converted to their 

corresponding oxide counterpart.
[134]

 Therefore, the real OER active sites for transition 

metal sulfides are still unclear. A partial literature review of the TMCs for OER is 

presented in Table 4. 

 

Fig. 1.18 (a) Comparative OER polarisation curves, (b) Tafel plots and (c) linear sweep 

voltametric (LSV) curves at different cycles for Mn3O4-CoSe2 and other control 

samples; (d) Co 2p XPS spectra of CoSe2/DETA and Mn3O4-CoSe2.
[135]

 

 

(a) (b) 

(c) (d) 
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Table 4 A partial literature summary of the OER performances of transition metal 

chalcogenides. 

Catalysts Onset 

potential 

(mV) 

η@10 

mA cm
-2 

(mV) 

Tafel 

slope 

(mV 

dec
-1

) 

Mass 

loading  

(mg cm
-2

) 

Substrate Electrolyte Ref

. 

CP/CTs/Co-S ~270 300 72.0 0.32 CP 1.0 M KOH 
[137]

 

Ni2.3%-CoS2 ~300 ~310 119 0.97 CC 1.0 M KOH 
[138]

 

Fe3O4@Co9S8/rGO 250 320 54.5 0.25 GCE 1.0 M KOH 
[139]

 

Co9S8@NC ~170 320 - 0.22 GCE 1.0 M KOH 
[140]

 

Zn0.76Co0.24S/CoS2 ~310 ~325 79 1.0 Ti 1.0 M KOH 
[141]

 

Fe3O4@Co9S8/rGO 250 340 65.5 0.25 GCE 0.1 M KOH 
[139]

 

Co9S8/N-C ~250 ~347 69.0 0.80 GCE 0.1 M KOH 
[142]

 

Co1-xS/G ~290 ~349 55.6 0.0926 GCE 0.1 M KOH 
[143]

 

CoS ~320 361 64 - Ti 1.0 M KOH 
[144]

 

Co3S4 ~290 363 90 0.283 GCE 0.1 M KOH 
[145]

 

NG-CoSe2 ~270 366 40 0.20 GCE 0.1 M KOH 
[146]

 

Co9S8@NC ~170 370 124 0.22 GCE 0.1 M KOH 
[140]

 

CoS2/N,S-GO ~270 380 75 0.25 GCE 0.1 M KOH 
[147]

 

Co9S8/G ~290 409 82.7 0.20 GCE 0.1 M KOH 
[129]

 

Co0.5Fe0.5S@N-MC ~330 410 159 0.1 GCE 1.0 M KOH 
[148]

 

Mn3O4/CoSe2 ~250 420 49 0.20 GCE 0.1 M KOH 
[135]

 

Co9S8@MoS2/CNFs ~350 430 61 0.21 GCE 1.0 M KOH 
[149]

 

CoSe2 ~340 430 50 1.0 GCE 1.0 M KOH 
[150]

 

Co3S4/NCNTs ~320 430 70 0.20 GCE 0.1 M KOH 
[130]

 

NiCo2S4@N/S-rGO ~340 470 - 0.283 GCE 0.1 M KOH 
[151]

 

CoxSy@C ~330 470 - 0.141 GCE 0.1 M KOH 
[152]

 

CoSe2 ~340 510 67 1.0 GCE 0.1 M KOH 
[150]

 

Co9S8/CNFs ~390 512 78 0.21 GCE 1.0 M KOH 
[149]

 

 

1.4.3.5 Non-Metallic Materials 

To date, few papers have been published on non-metallic catalysts for OER and it is 

speculated that the application of non-metallic materials has just begun. Currently, 

single/double heteroatom doped carbons such as graphene,
[153]

 CNT
[154]

 and 

nanographite
[155]

 are considered to be promising electrocatalysts for OER. Some of the 

carbon-based hybrid systems such as C3N4-CNT,
[156]

 graphene-CNT,
[157]

 and C3N4-
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graphene
[158]

 are also introduced as OER catalysts. However, theoretical assessments of

OER activity on carbon surfaces related to oxygen/hydroxide adsorption behaviour and 

mechanisms are very rare. Various architectures, like non-metal 3D structures and film-

like electrodes, are promising for OER catalysis, but their TOF values are very low 

compared to those of traditional transition metals and their derivatives. Another concern 

for using carbon as an OER catalyst is the electrochemical oxidation at higher anodic 

potential required for OER operation.
[10]

In summary, a large body of research has been conducted on nanostructured OER 

active electrocatalysts. However, the earth-abundant electrocatalysts studied to date 

have some important issues, which need to be addressed. More specifically, metal 

oxides and metal hydroxides have poor electronic conductivity and low concentration of 

electrocatalytic active sites leading to inferior electrocatalytic performances for OER. In 

addition, electrocatalytic stability is another key concern when developing an efficient 

electrocatalyst. Therefore, improvement in electronic conductivity, the extent of 

electrocatalytic active sites and electrocatalytic stability remains a challenge for 

developing efficient nanostructured earth-abundant electrocatalysts for OER. 

1.5 A Comprehensive Review of Efficient Electrocatalysts 

for Triiodide Reduction Reaction in Dye-Sensitised Solar 

Cells 

As mentioned earlier, photogenerated electrons via sunlight absorption by dye 

molecules in the DSSC need to be carried through the external circuit of the solar cells. 

Therefore, it is a prerequisite condition for DSSC that the electrons separated from the 

photoanode are rapidly utilised to reduce the I3
- 
species for the regeneration of the dye

molecule. As such, a highly active and electronically conductive electrocatalyst on the 
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counter electrode surface of DSSC determines the overall performance of the solar cells. 

To date, thousands of materials or their nanostructures have been studied for IRR and a 

number of materials are reported to be competitive or even better than the benchmark Pt 

catalysts. Based on this heavily studied research area, a comprehensive review paper 

starting from theoretical mechanistic understanding to experimental validation was 

published in NPG Asia Materials. To avoid massive repetition, this published review 

paper is used in its entirety as a part of the introduction of this PhD thesis. 
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The search for efficient electrocatalysts as counter
electrode materials for dye-sensitized solar cells:
mechanistic study, material screening and
experimental validation

Lulu Wang1,5, Mohammad Al-Mamun1,5, Porun Liu1, Yun Wang1, Hua Gui Yang1,2,
Hai Feng Wang3 and Huijun Zhao1,4

In recent years, there has been a significant increase in the studies on effective energy-conversion devices, including

photovoltaics and fuel cells, which aim to alleviate the enormous energy demand, as well as the environmental pollution issues

associated with current power consumption. Among these devices, dye-sensitized solar cells (DSCs) have received significant

attention owing to their simple fabrication procedure, cost-effectiveness and high-power-conversion efficiency. The counter

electrode (CE) of the DSCs is an important component and generally uses platinum as its benchmark material, the high cost and

scarcity of which have limited the broad application of the DSCs. Thus, substantial effort has been devoted to seek active CE

materials with low cost, high electrocatalytic activity and excellent stability. Nevertheless, this is generally achieved via a

‘trial-and-error’ method owing to the lack of information on the mechanism of the electrocatalytic reaction on the CE’s surface.

This report summarizes the recent advances in the mechanistic study of the interfacial electrocatalytic reaction on CE materials,

as well as the establishment of a rational screening protocol for efficient CE materials. Furthermore, several outstanding CE

materials developed via this protocol have been reviewed. The demonstrated combined approach can be extended to the studies

of other essential electrocatalytic reactions.

NPG Asia Materials (2015) 7, e226; doi:10.1038/am.2015.121; published online 20 November 2015

INTRODUCTION

The global demand for energy has significantly increased, and this
trend is predicted to continue in the future. Solar energy, which is one
of the most abundant and least-utilized clean energy sources,
demonstrates great potential to satisfy the future global energy
consumption. A photovoltaic (PV) system or solar cell, which directly
converts sunlight into electricity, has attracted significant attention in
the academic and industrial fields. Although the current PV market is
dominated by silicon-based solar cells, several studies have been
performed to develop new-generation solar cells with a higher
efficiency and a lower price. Among them, dye-sensitized solar cells
(DSCs) exhibit a promising future owing to their ease of fabrication,
low-cost and high sunlight-harvesting efficiency.1–4 In typical single
p–n junction PV devices, semiconducting materials are used to
generate, separate and transport charge carriers (electrons and holes)
to transmit electricity under solar illumination. However, in the DSCs,
photoelectrons are generated by separate photosensitive dyes and

transported using semiconducting materials. The unique charge
separation and injection processes lead to a relatively low-
recombination rate compared with that of traditional solar cells. In
addition, the DSCs can be fabricated using inexpensive and earth-
abundant materials into different shapes, colors and transparencies
with a high efficiency under both high or low light intensity.5

Significant progress has been achieved in improving the power-
conversion efficiency (PCE) and operation stability.6 Recently, the
DSCs have achieved a PCE of 12.3% in laboratory experiments,7

which indicates a great potential as new-generation PV devices for
renewable energy sources in the future.
Generally, a DSC has a sandwich structure consisting of a

dye-sensitized mesoporous nanocrystalline semiconductor photo-
anode, an electrolyte containing a redox couple and a counter
electrode (CE). A schematic diagram of a typical DSC construction
along with its major electron pathways is illustrated in Figure 1. An
electrocatalyst-coated CE used for redox couple regeneration after
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electron injection is one of the most crucial components in the
DSCs.8–15 Platinum (Pt) has been used as a benchmark CE material
because of its excellent catalytic activity and high conductivity.
Nevertheless, its drawbacks, such as high cost and scarcity, strongly
hinder the broad application of Pt in the DSCs. Thus, to overcome this
challenge, several inexpensive Pt-free catalytic alternatives with out-
standing electrocatalytic activity and electrical conductivity, for
example, inorganic semiconductor,16–19 carbon,20,21 conductive
polymers22,23 and hybrid materials,24,25 have been developed. How-
ever, most CE materials have been discovered using the ‘trial-and-
error’ methodology owing to the lack of information on the
electrocatalytic reaction at the solution/CE material interface. In early
2013, a breakthrough has been made in this field: a general screening
strategy for high-efficient CE materials has been successfully estab-
lished based on the first-principles calculations,26 and numerous new
CE materials have been thus developed via this protocol. In this
report, we first summarize the recent advances in the mechanistic
study via theoretical calculations for a triiodide reduction reaction
(widely used redox couple in DSCs) on a CE surface. Then, to confirm
the as-developed screening strategy based on the mechanistic study, we
highlight various high-performance Pt-free CE materials, such as
metals, metal oxides, metal sulfides, metal nitrides and metal carbides.
Finally, conclusions and perspectives are provided to illustrate the
opportunities, as well as challenges in this field.

WORKING PRINCIPLES AND KEY COMPONENTS OF DSCS

Generally, the working principle of the DSCs involves several
elementary processes (Figure 1). Under solar illumination, the
adsorbed dye molecule is promoted to the excited state (process 1),
photogenerated electrons are injected into the conduction band of the
photoanode materials (semiconductors) and the molecule is transi-
tioned into its oxidized state (process 2). The injected electrons will
then be collected by the photoanode substrate (process 3), transferred
from the outer circuit and used to reduce the oxidized redox mediator
on the CE’s surface (process 4). The entire electron transfer cycle will
be finished when the oxidized dye molecule is reduced to its ground
state by the redox mediator in the electrolyte (process 5). Recombina-
tion processes, including the injected electron recombined with the

oxidized dye molecule and/or the oxidized redox mediator (processes
6 and 7), may also occur during this cycle.
Since the development of the initial DSC by Grätzel et al. in 1991,

various optimized DSC components have been developed to achieve a
high PCE and improved operation stability. Thus far, thousands of
dyes (sensitizers) have been investigated to achieve an efficient light
absorption.27,28 The most widely applied sensitizers are Ru(II)− poly-
pyridyl complexes, such as dye N3 and N719.29 Furthermore,
substantial effort has been devoted to the development of new
semiconductors for the photoanodes of the DSCs, such as SnO2,

30

ZnO31 and Nb2O5.
32 Furthermore, mesoporous TiO2 is still the

preferred choice in the DSCs owing to its large band gap and high-
conduction band energy.3 Moreover, the electrolyte is another critical
part of the DSCs. A prompt and non-interrupted electron supply is the
basic requirement needed to regenerate the dye sensitizer for a redox
couple in the electrolyte. Generally, the electrolytes used in the DSCs
can be divided into three categories: liquid electrolytes,33 quasi-solid
electrolytes34 and solid-state hole conductors.35 Among them, liquid
electrolyte is generally used, and several different redox couples have
been reported, such as the Co-complex (Co(II)/Co(III)),36 disulfide/
thiolate (T−/T2),

37 ferrocene/ferrocenium (Fc/Fc+),38 Cu(I)/Cu(II)39

and Ni(III)/Ni(IV).40 Thus far, the iodide/triiodide (I�=I�3 ) redox
couple in an organic solvent (normally CH3CN) is the most preferred
and commonly used redox couple because of its high solubility and
ionic mobility. The rapid kinetics of electron donation (for dye
regeneration by I−) and the extremely slow recombination (between
electrons in the photoanode and I�3 in the electrolyte) leads to a high
PCE of the DSC compared with that of the other redox couples
investigated. Moreover, the I�=I�3 redox couple exhibits an out-
standing stability during the long run of the DSCs.41 After
I− regenerates the dye sensitizer (by donating one electron) and
evolves into I�3 , it is important to rapidly reduce I�3 to I−. The region
where the triiodide reduction reaction occurs is the solid–liquid
interface between the electrolyte and the CE of the DSC. The CE
here has a dual role: providing a prompt electron transport from the
outer circuit and ensuring a rapid I�3 to I− conversion process.
Therefore, a good conductivity and high electrocatalytic activity
toward the triiodide reduction reaction are the basic requirements
for the CE materials. Herein, the report only concentrates on the
development of efficient CE materials for the triiodide reduction
reaction. Reviews on DSCs with other redox couples are available
elsewhere.5,42,43

BASIC THEORY OF RATIONAL SCREENING STRATEGY FOR CE

MATERIALS

To date, a large number of efficient CE materials have been developed
for the triiodide reduction reaction; however, most of them are based
on a ‘trial-and-error’ approach. Thus, an effective combinational
screening approach is highly necessary to reduce the research and
development cost and cycle. The computational approach is regarded
as an efficient, high-throughput alternative.44 As one of the most
effective and accurate computational methods, the density functional
theory (DFT) has been widely applied to analyze the catalytic
mechanism in several different heterogeneous catalytic processes, such
as oxygen reduction reaction45,46 and hydrogen evolution reaction.47

Recently, a DFT modeling method has been introduced to the DSCs
field.48–50 Specifically, it can be applied to explore the fundamental
processes in the electrocatalysis reaction and understand the char-
acteristics of fabricated CEs in the DSCs systems, which is beneficial in
discovering the weak points in the designing stage and assisting in
discovering molecularly designed CE materials with more optimized

Figure 1 Schematic diagram of a typical DSC construction along with the
major electron pathways.
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solutions. Using the first-principles calculations, our research group
has explored the key parameter affecting the electrocatalytic efficiency
and developed a general and efficient screening framework for the
electrocatalytic activity of potential CE materials.

Electrocatalytic activity origin of CE electrocatalysts
The overall triiodide reduction reaction occurring on the CE can be
described as follows:

I�3 solð Þ þ 2e� ¼ 3I� solð Þ ð1Þ
This reaction can be divided into three detailed steps:

I�3 solð Þ2I2 solð Þ þ I� solð Þ ð2Þ

I2 solð Þ þ 2�-2I� ð3Þ

I� þ e�-I� solð Þ ð4Þ
where ‘*’ represents the free site on the electrode surface; and ‘sol’
indicates the solution (generally CH3CN). The solution reaction,
reaction step (2), has been verified to be typically fast and in
equilibrium.51 Therefore, the overall catalytic activity can be deter-
mined by the iodine reduction reaction (IRR) as follows:

I2 þ 2e�-2I� ð5Þ
which occurs at the liquid–solid interface, that is, the dissociative
adsorption of one iodine molecule onto the CE’s surface to form two
surface iodine atoms (reaction step (3)), and the removal of one
electron from each adsorbed iodine atom to produce solvated iodides
(reaction step (4)).
To identify the key parameter affecting the entire IRR process, a

two-step model, which has been reported previously by Wang
et al.,52,53 was applied to illustrate the heterogeneous catalytic
reactions, that is, the adsorption of the reactants to form intermediates
and the desorption of the intermediates to form products. The energy
profile involved in these two steps is provided in Figure 2a. Two
important parameters, that is, the I2 dissociation barrier (Edis

a ) and the
I* desorption barrier (Edesa ), were used to determine the thermo-
dynamics of the IRR process.26

According to the Bronsted–Evans–Polanyi relation of dissociative
adsorption,53 one can obtain the expression as follows:

Edis
a ¼ a1EI

ad þ b1; a1o0 ð6Þ
where EIad is the adsorption energies of the I atom on the surface of the
electrodes. Because the CH3CN solvent molecule has a relatively
strong adsorption energy on the electrode’s surface, a competitive
adsorption effect exists between the I atoms and the CH3CN
molecules when the I atoms are introduced onto the electrode’s
surface. Therefore, EI

ad can be defined as follows:

EI
ad ¼ E interf aceð Þ þ 1=2E I2ð Þ � E I=interf aceð Þ ð7Þ

where E(interface), E(I2) and E(I/interface) represent the energies of the
liquid/electrode interface, I2 in the gas phase and the liquid/electrode
interface with the adsorbed I atoms, respectively.
When considering the desorption process, the desorption barrier

generally becomes higher as its binding strength with the electro-
catalyst surface increases. A linear relationship between Edis

a and EI
ad

was revealed, which can be given as follows:

Edes
a ¼ a2EI

ad þ b2; a240 ð8Þ
In equations (6) and (8), α1, α2, β1 and β2 are constants. Clearly, both
the I2 dissociation barrier and the I* desorption barrier are related to
the adsorption energy of I: Edis

a has a negative linear correlation with

EIad whereas Edesa increases linearly as EI
ad increases. These two linear

relationships demonstrate that the EI
ad on the CE material’s surfaces

has a crucial role in determining the overall catalytic activity of the
IRR. In other words, the EIad can serve as a good descriptor for the IRR
activity. When EI

ad is too large, the removal of I to form I− will be
difficult, and the overall activity of desorption is limited. If EIad is weak,
the I2 dissociation step will be hindered.
Using a microkinetic analysis, further quantitative discussions were

performed by estimating the turnover frequency (TOF) of the two-
step IRR under steady-state conditions. Within the microkinetic
framework, the reaction rate of steps (3) and (4) can be written as
follows:

r1 ¼ k1cI2y
2 1� Z1ð Þ ð9Þ

r2 ¼ k2yI� 1� Z2ð Þ ð10Þ
where θ and yI� are the coverage of the surface-free site and the I
atom, respectively; cI2 is the concentration of the I2 molecule in the
solution; Z1 and Z2 are the reaction reversibility of steps (3) and (4),
respectively; and k1 and k2 are the rate constants of reactions (3) and
(4), respectively, which can be determined using the transition-state

Figure 2 (a) Schematic energy profile of a two-step model considering the
dissociative adsorption of reactants and associative desorption of products on
a catalyst surface. (b) Schematic diagram of the variation in activity (black
volcano curve) as a function of the adsorption energy of the I atom. The
adsorption (red) and desorption (blue) are rate-determining processes.
Adapted from Hou et al.26 Copyright © 2013 Rights Managed by Nature
Publishing Group.

Search for efficient DSC counter electrode materials
L Wang et al

3

NPG Asia Materials

65



theory as follows:

Ki ¼ KBT

h
exp

DS
R

� �
exp �Ea

RT

� �
ð11Þ

where KB and h are constants; and T is the reaction temperature.
At steady state (TOF= 2r1= r2), by applying the condition

yþ yI� ¼ 1, we can solve the reaction TOF numerically.
Analytically, considering the relationships of (6) and (8), it is

evident that the TOF of the entire reaction can primarily be
determined using EIad.
If adsorption is the rate-determining step (Z2= 1, Z1 ¼ Z2

tot), we
can obtain the expression as follows:

TOF1 ¼ k1cI2
K2

eq2

cI� þ Keq2

� �2 1� Z2
tot

� � ð12Þ

If desorption is the rate-determining step (Z1= 1, Z2=Ztot), we can
obtain the expression as follows:

TOF2 ¼ k2
c1=2I2

K1=2
eq1

1þ c1=2I2
K1=2

eq1

1� Ztotð Þ ð13Þ

where Keq1 and Keq2 are the reaction equilibrium constants of steps (3)
and (4), respectively.
In actuality, the TOF would be determined using TOF=min

{TOF1, TOF2} (Figure 2b), which indicates that EI
ad is a key parameter

used to determine the complete catalytic activity.

Establishment of screening framework for CE materials
The identification of the decisive parameter of the electrocatalytic
activity, that is, EIad, is followed by the determination of a suitable
energy range of EIad for the IRR. For a multistep reaction system, the
Gibbs free-energy should be negative to ensure that the overall
reaction proceeds in the forward direction. With respect to the IRR,
the total Gibbs free-energy change DG0 provides the thermodynamic
driving force as follows:

DG0 ¼ mI2ðsolÞ þ 2me
� �

� 2mI�ðsolÞ ð14Þ
It is difficult to directly calculate the energy of the charged periodic
system accurately. However, because we know that the Gibbs free-
energy change of the standard hydrogen electrode (SHE) reaction is
zero, that is,

1=2H2ðgasÞ2Hþ
aq þ e� SHEð Þ ð15Þ

Then, we can obtain the reaction when combining reactions (4) and
(15) as follows:

I2ðsolÞ þ H2ðgasÞ-2I�ðsolÞ þ 2Hþ
ðaqÞ þ 2eU ð16Þ

where eU represents the electron free-energy shift in the CE at the
voltage U relative to the SHE. Clearly, the Gibbs free-energy change
ΔG1 of reaction (16) is the same as the DG0 of the IRR. Thus, based
on Hess’s Law, we can design a thermodynamic cycle to calculate ΔG1

indirectly as follows:

I2ðsolÞ þ H2ðgasÞ -
DG1

2I�ðsolÞ þ Hþ
ðaqÞ þ 2eU

k� DmI2 m2 EI
�
sol þ EH

þ
sol

� �
I2ðgasÞ þ H2ðgasÞ -

DG2
2I�ðgasÞ þ 2Hþ

ðgasÞ þ 2eU

Clearly, for the above cycle, DG1 ¼ DG2 þ 2 EI�
sol þ EH

þ
sol

� �� DmI2 . We
used the Gaussian 03 software (Gaussian, Wallingford, CT, USA) to
calculate DG2. The salvation energies of I− in the CH3CN solvent

EI
�
sol

� �
and H+ in the water EH

þ
sol

� �
use experimental values, that is,

− 2.86 and − 11.53 eV, respectively.54,55 The chemical potential differ-
ence of the I2 molecule between the gas phase and the CH3CN solvent
�DmI2
� �

can be calculated according to the ideal solution model by
considering the phase equilibrium at the gas/liquid interface during
the dissolution of I2 as follows:

DmI2 ¼ m0IðsolÞ � m0I2ðgasÞ ¼ RT ln
p�I2
p0

ð17Þ
where p�I2 is the saturated vapor pressure of the I2 molecule, which can
be calculated based on the Antonie equation (obtained from the NIST
WebBook).
For good CE electrocatalysts, to ensure that the reaction occurs

spontaneously, it is required that the chemical potentials conform to
the sequence as follows:

mI2ðsolÞ þ 2meZ2mI� þ 2meZ2mI�ðsolÞ ð18Þ
By combining equations (14) and (18), we can obtain the theoretical
deduction as follows:

EI2ðgasÞ � TDSI2 þ DmI2 þ 2EsurðsolÞ þ 2meZ2EI�

þ 2meZ mI2ðsolÞ þ 2me
� �

� DG0 ð19Þ
where TDSI2 is the entropy correction term of I2 in a gas phase at
T= 298 K (relative to gaseous I2 at 0 K). Here, μe is the chemical
potential of the electron, and mI� can be defined as follows:

mI� ¼ m0I� þ RT ln
yI�

y�
ð20Þ

where yI� is the coverages of the absorbed I*; and θ* is the free site *
on the CE’s surface; and m0I� is the standard chemical potential of the
I* species, which can be readily obtained from the EIad using DFT
calculations with the necessary thermal correction. For simplicity, the
minor contribution of the I2 and I− concentrations in the solution
(~0.02 eV, estimated under experimental conditions) into the free
energy was neglected. The coverage-dependent term RT lnyI�y� , which
was previously proposed by Cheng56, could occur within a small range
for the best catalyst (~0.06–0.12 eV at 298 K) and was defined as ɛ.56

In other words, for a good electrocatalyst, mI� should satisfy
equation (21).

m0I� � εrmI�rm0I� þ ε ð21Þ
Here the suitable range of EIad for a good CE electrocatalyst can be
depicted as follows:

1=2TDSI2 � 1=2DmI2 � εrEI
adr1=2TDSI2 þ 1=2DG0

� 1=2mI2 þ ε ð22Þ
where DmI2 is the chemical potential difference of the I2 molecule
between the gas phase and the CH3CN solvent at 298 K.
Thus, there are upper and lower limits for EI

ad from equation (22):
EI
ad is required to be high enough such that the I2 dissociate

adsorption is exothermic, and it needs to be low enough for the
subsequent desorption to proceed exothermically (Figure 3a). Because
the IRR is an electrode reaction, the electrode voltage effect needs to be
considered (equation (16)). As illustrated in Figure 3b, the lower the
electrode voltage (U), the larger the absolute value of ΔG0. For the
most common DSCs, which use TiO2 as the anode material, when the
electrode voltage U ¼ UTiO2

CBM � USHEE� 0:06V (relative to SHE),57

DG0 reaches its maximum, which provides the maximal upper
boundary for EIad according to equation (14). Therefore, under this
condition, we estimated the variation range of EI

ad to be between 0.33
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and 1.20 eV for good CE electrocatalysts. It is worth noting that the
first-principles simulations can handle system sizes of only ~ 100
atoms owing to the computational expense. Other factors that may
also affect the performance of the CE electrocatalysts, such as
nanoscale structures, electrical conductivity and macro/meso-scale
morphologies, cannot be systematically considered using the DFT
method. Therefore, the EIad can be used only as a qualitative predictor.

APPLICATION OF SCREENING FRAMEWORK FOR EFFICIENT

CE MATERIALS AND THEIR EXPERIMENTAL PERFORMANCES

Once the optimal range of EI
ad has been determined, it can be utilized

as a guideline to estimate the electrocatalytic activity and, more
importantly, search for new CE materials without the need to
experimentally prepare the solar cells. It should be noted that the
EIad value of one substance may vary as it depends on the exposed
surface structures. Crystalline materials are first investigated because
they are composed of atoms with highly ordered microscopic
arrangements; therefore, they are easier to prepare, model and are
more stable in the long term.
Essentially, the DFT is used to create a stabilized crystal surface

model of the CE candidates and calculate the EI
ad values of the relevant

surfaces. Using the established CE material screening strategy, a range
of different materials, including metals, metal oxides, metal carbides,
metal nitrides and metal sulfides, have been examined by our group, as
summarized in Figure 4. A few materials have been previously
experimentally proven to be good CE electrocatalysts, (blue triangles
in Figure 4), such as CoS, FeS, MoC, MoN, WC and WO3, which
possess favorable EIad values. The theory–experiment match confirms
the feasibility of this strategy. On the other hand, the EI

ad values of the
metal oxides, including TiO2, MnO2, SnO2, CeO2, ZrO2, La2O3,
Al2O3, Ga2O3, Cr2O3 and Ta2O5, are out of the optimal range (black
squares in Figure 4), which indicates inferior catalytic activities. Using
this screening strategy, we successfully predicted the pioneer facet of Pt
(111) of the triiodide reduction reaction.58 Several excellent Pt-free CE
materials (red pentagon in Figure 4), including α-Fe2O3,

26 RuO2,
59

N-doped In2O3 (N-In2O3),
60 S-doped Co3O4 (S-Co3O4)

61 and NiS,62

also have an EIad value within the optimal range. The calculated results
are subsequently proven by experimental measurement of the CE
materials, as discussed below.

Metals
As a noble metal, Pt has been recognized as the best classic material
that can be used for various heterogeneous catalytic reactions, such as
the triiodide reduction reaction,58 oxygen reduction reaction,63

hydrogen evolution reaction64 and so on. Platinum is known to be
a unique catalytic material because of its exceptional stability in
corrosive electrolytes, good electrical and thermal conductivity and
excellent electrocatalytic activity.65 Specifically, Pt has been the bench-
mark CE material used in the DSCs owing to its unparalleled catalytic
performance in the I�=I�3 redox mediator system. In addition, the
diverse catalytic activities of the Pt nanocrystals are known to be highly
dependent on the exposed facets of the Pt surface.66 To investigate the
facet-dependent catalytic behavior of the different faceted Pt nano-
crystal, we calculated the EI

ad values for three different facets ({100},
{111} and {411}), and the facet with the best catalytic activity for the
IRR was discovered.58 Upon adsorption at the interfaces of these Pt
surfaces and the CH3CN solution, the I2 molecule was found to
dissociate into two I* atoms without an apparent Edisa , which suggests
that the dissociation of I2 is quite fast and can be considered to be in
equilibrium. Therefore, the IRR process is determined by the
desorption step. As indicated in Figure 5a–c, the elongated distance
between the Pt and the I atom was observed for the Pt(100) and
Pt(411) surfaces (4.48 and 4.49 Å, respectively) to be greater than that

Figure 4 Calculation of the adsorption energy of the I atom for various
compounds and estimation of the optimal range of E I

ad.

Figure 3 (a) Demonstration of the estimated range for suitable electrodes in
terms of the adsorption energy of the I atom. Adapted from Hou et al.26

(b) Energy level scheme of the DSCs. Potentials are referred to the standard
hydrogen electrode (SHE). Adapted from Zhang et al.58 Copyright © 2013
Rights Managed by Nature Publishing Group.
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of the Pt(111) counterpart (4.20 Å). The charge-density-difference
between the I and Pt atoms in their transition states are displayed in
Figure 5a–c (inset) to depict the bond properties. On the investigated
Pt surfaces, the electrons that were depleted at the surface of the Pt
atom and the adsorbed CH3CN molecules were found to accumulate
at the adsorbed I atoms. The reaction energy profile of the IRR on
these three Pt surfaces is illustrated in Figure 5d and e. To remove the
effects of the electrode voltage on the electron potential, the electrode
voltage was set as U= 0 V vs SHE, which provides the largest
thermodynamic driving force (Figure 5d). The corresponding Edes

a

values for the Pt(111), Pt(100), and Pt(411) surfaces were calculated to
be 0.39, 0.63 and 0.74 eV, respectively. This result indicates that the
desorption of the I atoms from the Pt(100) or Pt(411) surfaces
becomes more difficult than that of the Pt(111) surface. Furthermore,
under the equilibrium voltage (0.54 V), the free-energy change of the
IRR reaches zero (Figure 5e). On the basis of the DFT calculation,
Pt(111) possesses a favorable EI

ad of 0.52 eV. However, on Pt(411) and
Pt(100), the EIad values are beyond the optimal range, that is, 1.38 and
1.56 eV, respectively, which indicates less electrocatalytic activity.
To experimentally validate the theoretical prediction, Pt nanocubes

and truncated nano-octahedrons with exposed {100} and {111} facets

were synthesized by a soft chemical method using CO derived from
W(CO)6 as a reducing agent under an argon atmosphere, whereas Pt
nanooctapods with exposed {411} facet was prepared using a
solvothermal method at 160 °C, as indicated in Figure 6.67,68 These
individual Pt nanocrystals were used as the CE materials in the DSCs,
and Pt(111) was found to be the prominent facet for the triiodide
reduction reaction, which is consistent with the theoretical prediction.
The maximum PCE was found to be 6.91%, with a high current
density (Jsc= 16.29 mA cm− 2) and a large open circuit voltage (Voc) of
757mV. The DSCs with the Pt(100) and Pt(411) faceted Pt CE
exhibited relatively lower PV performances than that of the Pt(111)
faceted Pt CE, and the overall PCE order was Pt(111)4Pt(411)4Pt
(100), which is consistent with the theoretical prediction.58 In addition
to the facets, the structural morphology was also reported to
significantly influence the catalytic behavior by exposing the excessive
catalytic sites for effective electrocatalysis.69–73 In addition to Pt, a few
other metals, such as W, Mo and Ni, have also been tested as a CE
material in the DSCs; however, the PCEs were significantly lower than
that of the Pt CE.15,74

Metal oxides
Semiconducting transition metal oxides that possess a reasonable band
gap for photoexcitation are thought to be potential candidates as
photoanode materials instead of CE materials in DSCs.75–77 Among all
of the semiconducting metal oxides, α-Fe2O3 is one of the most
abundant and low-cost materials on earth. On the basis of the
theoretical calculations, the EI

ad values of the two typical surfaces of

Figure 5 Transition-state (TS) structures at (a) CH3CN/Pt(111), (b) CH3CN/
Pt(100) and (c) CH3CN/Pt(411) interfaces; inserts: corresponding charge-
density-difference map of TS, and a light-blue color represents electron
accumulation and yellow represents electron depletion. (d) Standard Gibbs
free-energy profiles of the IRR on Pt(111), Pt(100), Pt(411). (e) Gibbs
free-energy profiles of the IRR on Pt(111), Pt(100), Pt(411), under the
I�=I�3 equilibrium voltage of 0.54 V. (f) Linear relationship between the
I* desorption barrier (Edes

a ) and the adsorption energy (E I
ad). Adapted from

Zhang et al.58 Copyright © 2013 Rights Managed by Nature
Publishing Group.

Figure 6 Morphologies and crystal structure of (a, d) Pt(111), (b, e) Pt(100)
and (c, f) Pt(411) faceted Pt nanocrystals. Adapted from Zhang et al.58

Copyright © 2013 Rights Managed by Nature Publishing Group.
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α-Fe2O3 (that is, Fe2O3(012) and Fe2O3(104)) were estimated to be
0.51 and 0.42 eV, respectively, indicating that it may be catalytically
active.26 To further investigate the activity of α-Fe2O3, the reaction
pathway of the IRR at the interface between CH3CN/Fe2O3(012) and
CH3CN/Fe2O3(104) was calculated using the DFT.26 The I2 molecules
can dissociate directly on top of the five-coordinated surface Fe3+ ions.
Compared with the initial Fe–I bond length (2.72 Å) in the adsorption
configuration, the transition state of the I* desorption exhibited a
significantly elongated Fe–I bond length (4.12 Å) (Figure 7a–c). No
particular high point was found in the overall standard free-energy
profiles (Figure 7d) for both the Fe2O3(012) and Fe2O3(104) surfaces,
implying a good kinetic performance for the IRR compared with the
Pt(111). To verify the expected catalytic activity of α-Fe2O3, a simple
hydrothermal method was used to prepare cube-like α-Fe2O3 nano-
particles that have generally exposed {012} and {104} facets and used
as a CE in the DSCs to evaluate the PV parameters. The experimental
results (Figure 8) indicate that the α-Fe2O3-based DSC can record a Jsc
of 15.92mA cm− 2, a Voc of 784mV, a fill factor of 0.56 and a PCE of
6.92%, which is comparable with that of the Pt-based DSC (Figure 8b
and c). Furthermore, from the electrochemical impedance spectro-
scopic data, α-Fe2O3 has a lower interfacial charge transfer resistance
(Rct) value (2.3Ω) than that of Pt (3.4Ω), which further confirmed the
excellent catalytic activity for the triiodide reduction reaction. Another
transition metal oxide, RuO2, possesses superior electrocatalytic
activity in different heterogeneous catalysis, such as oxidation reac-
tions, reduction/hydrogenation reactions, oxygen evolution reactions78

and ammonia synthesis.79 Regarding the IRR, the DFT calculation was
used to estimate the EI

ad value at the CH3CN/RuO2 interface. The

RuO2(110) surface contained exposed rows of five-coordinated Ru
cations (Ru5c), which constituted typical catalytically active sites. Upon
adsorption on the Ru5c row, the I2 readily dissociated into two
I* without any apparent dissociation barrier. The EI

ad was calculated to
be 0.59 eV, which was similar to that of the Pt(111) surface (0.52 eV)
and within the optimal range.59 Therefore, RuO2 is expected to be a
catalytically active CE electrocatalyst for the triiodide reduction
reaction. In the past, Papageorgiou et al.80, reported the promising
Rct of RuO2 and our recent theoretical study also support the previous
findings.59 Interestingly, the RuO2 nanocrystals were found to afford
almost same level of catalytic performance (7.22%) compared with Pt
(7.17%). The extraordinary catalytic behavior of RuO2 might be owing
to the favorable adsorption–desorption energy and good electrical
conductivity within the nanocrystals.59

As another useful metal oxide, WO3 has been firstly utilized as CE
material in DSCs and the overall PCE was reported to be 4.67%.81 Our
theoretical prediction suggested that WO3 could be an efficient
electrocatalyst for triiodide reduction reaction as its EI

ad (0.54 eV) is
very close to that of standard Pt. The inferior PCE of commercial
WO3-based DSC was found in our group, however, after hydrogen
treatment (H-WO3), the overall PCE markedly improved and reached
5.43%. The origin of the catalytic activity of the H-WO3 may result
from the oxygen vacancy created by the hydrogen treatment, which
eased the facile adsorption of the I�3 species on the vacant sites and
thereby enhanced the electrocatalytic performance.82 Meanwhile, other
tungsten oxides, such as WO2 and W18O49, also showed exceptional
catalytic ability toward the triiodide reduction, leading to PCEs of 7.25
and 7.94%, respectively, which were extremely close to that of the

Figure 7 (a–c) α-Fe2O3 surface structure in the presence of the CH3CN solvent, I adsorption structure and transition-state structure. (d) Energy profiles of the
CE reaction on Pt(111), Fe2O3(104) and Fe2O3(012), which were calculated at U=0.61 V vs SHE. Adapted from Hou et al.26 Copyright © 2013 Rights
Managed by Nature Publishing Group.

Search for efficient DSC counter electrode materials
L Wang et al

7

NPG Asia Materials

69



standard Pt.81,83 The authors believe that the underlying reason for the
exceptional catalytic activity of W18O49 is the oxygen vacancies of
W18O49, which can offer abundant active sites for the triiodide
reduction reaction. Furthermore, the charge transport can be facili-
tated with the one-dimensional nanofiber structure. Moreover, our
rational screening strategy anticipated a few other metal oxides, such
as TiO2, MnO2, SnO2, CeO2, MoO3, Al2O3, Ga2O3, La2O3, Cr2O3,
Ta2O5 and ZrO2, which may possess limited activity toward the
triiodide reduction reaction because of their low-adsorption energy. A
few of these oxides, such as TiO2, Cr2O3 and ZrO2, were tested as CE
electrocatalysts in the DSCs, and their PCEs values were found to be
0.76, 1.07 and 2.60%, respectively, as reported by Wu et al.18

(Figure 9), which further validated the screening framework. Yun
et al.84 investigated the HfO2 as a catalytic CE material in the DSCs,
and their result indicated that its catalytic performance (7.75%) was
superior to that of standard Pt (7.20%) when HfO2 was supported by
mesoporous-graphitic-carbon. A recent study also suggested that
spinel types of ternary oxides, such as CoCr2O4, can also be used as
the CE material in the DSCs, and the overall PCE was reported to be
8.40%, which is close to that of the Pt-based DSCs (8.68%).85

Metal sulfides
Transition metal sulfides are one of the most promising classes of CE
electrocatalysts used to replace Pt owing to their outstanding electro-
catalytic activity, thermal and chemical stability, abundant feedstock
and low cost.9 On the basis of theoretical calculations, the EI

ad value for
the most abundant facets of the CoS was estimated to be 0.59 eV,
which lies within the range of 0.33–1.20 eV. Among all of the cobalt

sulfides, CoS has been proven to be an efficient CE material in the
DSCs. The first study was performed by Wang et al.16,
who electrochemically deposited CoS nanoparticles on a flexible
ITO/PEN substrate and applied it as a CE in the DSCs with a
promising PCE of 6.5%. Later, this CoS material was further explored
by several scientists, and the surface morphology and the electrical
conductivity of the CoS films were found to be critically important for
electrocatalysis in the triiodide reduction reaction, as reported by Lin
et al.86 A controlled potentiodynamic deposition of CoS can produce a
highly porous CoS film with an extremely low Rct value (~1.03Ω cm2)
and be used as an electrocatalyst (6.33%) that is superior to
Pt (6.06%). Kung et al.87 prepared one-dimensional CoS acicular
nanorod arrays (ANRAs) by converting Co3O4 ANRAs into CoS
ANRAs without damaging the structural integrity using a simple
chemical-bath process at a relatively low temperature of 90 °C for 24 h
(Figure 10a and b). The CoS ANRAs CE displayed a larger catholic
current density than that of Pt (Figure 10c), with an exceptional
catalytic stability toward the triiodide reduction reaction after 200
cycles of consecutive runs (Figure 10d) and the PCE was reported to
be as high as 7.67%, which is close to the standard Pt-based DSCs
(7.70%). Another study was performed by Hsu et al.88, who
synthesized the CoS nanoparticles with controlled particle sizes
ranging from 50 to 320 nm using a surfactant-assisted preparation
of a metal organic framework along with subsequent oxidation and
sulfidation processes. Then, different composites of CoS with
graphene,89 multi-wall carbon nanotubes (MWCNT)90 and PEDOT:
PSS91 were identified as potential CE candidates, especially CoS
nanocomposite with MWCNT outperformed the Pt-based
DSC (6.39%), and the PCE was as high as 8.05%.90

Similarly, NiS has been of particular interest owing to its salient
electrocatalytic activity, earth abundance and cost effectiveness.62 In
our study, we determined that a {0001}-faceted single-crystal NiS
nanosheet film, as shown in Figure 11a and b, can be used as a
superior CE for the triiodide reduction reaction owing to its
exceptional crystal structure and sulfur vacancy-induced catalysis.62

The presence of the sulfur vacancy was found to be responsible for the
rapid dissociation of I2 into two I* atoms, which has a stretched bond
length of 3.664 Å compared with the free I2 molecular bond length of
2.681 Å (Figure 11c and d), indicating sufficient activation power of
the NiS(0001) surface toward the I2 molecule. Along with the unique

Figure 8 (a) Surface morphology, cross-sectional view and TEM images of
the α-Fe2O3 nanoparticle film. (b) Nyquist plots for the symmetrical cells of
the α-Fe2O3 and Pt electrodes. (c) J-V characteristic curves for α-Fe2O3 and
the Pt-based DSCs. Adapted from Hou et al.26 Copyright © 2013 Rights
Managed by Nature Publishing Group.

Figure 9 Photovoltaic performances and distribution of the relative PCE of
late transition metal carbides, nitrides and oxides as CE catalysts in the
I�=I�3 electrolyte system. Adapted from Wu et al.18 Copyright © 2012
American Chemical Society.
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adsorption sites, the descriptor (EI
ad) value was calculated to be

0.62 eV, which is within the optimal range of efficiently good
electrocatalysts and close to that of the Pt(111) surface. An outstanding
PCE of 8.62% was achieved with the DSCs equipped with {0001}
faceted NiS CE, which is 17.1% higher than that of the PCE obtained
from the Pt-based DSCs (7.36%). In addition, an interesting ‘two-in-
one’ CE-based on a single crystalline NiS grown on bare glass using a
simple one-pot hydrothermal approach was realized by Zhao et al.92 In
their report, they tested oriented NiS nanorod arrays that could be
used to replace transparent conductive oxide and Pt. The device made
of Pt and transparent conductive oxide-free CE displayed a PCE of
7.41%, which was close to the PCE obtained from the DSC prepared
with the transparent conductive oxide-supported Pt CE (7.55%).

Xiao et al.93 investigated an NiS composite with MWCNTs as the CE
material in the DSCs. Initially, the MWCNTs were electrophoretically
deposited on a Ti foil, and a nano-corallines NiS was deposited over it
using a potentiostatic method; this hybrid system was able to produce
an enhanced PCE of up to 7.90%, which was higher than that of the
PCE obtained from the DSC prepared with the Pt/Ti CE (6.36%).
Furthermore, the NiS/graphene composite CE-based DSCs indicated a
larger PCE value (5.25%) than that of the Pt-based one (5.00%).89

Another metal sulfide, FeS, was predicted to be potentially active for
the triiodide reduction reaction because of its calculated EI

ad value of
0.64 eV, which is similar to that of Pt (0.52 eV). Unfortunately, this
material has not been widely studied in the past because of its
pyrophoric and non-stoichiometric nature. Hu et al.94 synthesized an
FeS nanosheet film on an iron foil using a simple hydrothermal
treatment in the presence of sulfur powder. The resulting film was
fitted as a CE in tandem-type DSCs using I�=I�3 as a redox couple,
and a PCE of 1.32% was obtained.
MoS2 with a layer structure has attracted considerable attention as a

CE material because of its analogous structure to that of graphene and
potential electrocatalytic activity.95 However, no theoretical calculation
of MoS2 as a CE material has been available thus far. The application
of MoS2 and WS2 as efficient electrocatalysts in the DSCs was first
published by Wu et al.96 in 2011, and the obtained PCEs were 7.59
and 7.73%, respectively, which is comparable with the Pt CE. In our
study, we directly grew a semi-transparent ultrathin MoS2 nanos-
tructured film on an FTO substrate using a hydrazine-assisted
hydrothermal method and used it as a CE in the DSCs.97 The
obtained MoS2 film as a CE for the DSC can afford a PCE up to
7.41%, which was slightly better than that of the Pt-based DSC
(7.13%). Further studies on both of the sulfides were performed, and
an outstanding PCE (outperforming Pt) was achieved with the

Figure 10 (a) SEM images for surface morphology. (b) Cross-section of the
CoS acicular nanorod arrays (ANRAs) prepared at a 24 h reaction time. The
inset of a depicts a large-scale SEM image of the corresponding ANRAs.
(c) Cyclic voltammetry (CV) curves. (d) Stability test of the ANRAs in the
I�=I�3 electrolyte. Adapted from Kung et al.87 Copyright © 2012 American
Chemical Society.

Figure 11 (a) Cross-sectional SEM image. (b) SAED pattern of
hydrothermally synthesized {0001}-faceted NiS nanosheet film. The inset of
b depicts the TEM image of the NiS nanosheet film. (c) Direct dissociation
of the I2 molecule upon adsorption at the S-vacancy dimer in the direction
of (0001) at the NiS(0001) surface. (d) Adsorption configuration of the I
atom sitting at the S-vacancy position. Light-blue, yellow and brown
represent the Ni, S and I atoms, respectively. Adapted from Li et al.62

Copyright © 2014 Royal Society of Chemistry.
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introduction of carbon.24 Thus far, different sulfides of metals, such as
cobalt,98 nickel99 bismuth,100 tin,101 antimony,102 iron,103 tungsten104

and titanium105 have been studied as CE electrocatalysts in the DSCs.
In addition to binary sulfides, a few tertiary or quaternary sulfides,
including CuInS2,

106 NiCo2S4,
107 CoMoS4, NiMoS4

108 and
Cu2ZnSnS4,

109,110 were extensively studied as CE materials in
the DSCs.

Metal nitrides
Transition metal nitrides are another class of alternative materials that
have been tested as CEs in DSCs owing to their low cost, high catalytic
activity and good thermal stability.111 According to our theoretical
prediction, TiN could be catalytically promising for the triiodide
reduction reaction because its EI

ad value was calculated to be 0.65 eV,
which is within the range of 0.33–1.20.26 In 2009, Jiang et al.112

prepared TiN nanotube arrays by the anodization of Ti foil followed
by nitridation in an ammonia atmosphere at 800 °C for 1 h and
investigated the prepared film as a CE in the DSCs. In the
electrochemical impedance spectroscopic measurement, the TiN
electrode exhibited an ohmic internal resistance of 5.68Ω smaller
than that of the Pt-FTO electrode (21.88Ω). The simulated Rct value

for the TiN nanotube arrays electrode was 1.51Ω, which was nearly
one-fifth of the value obtained for the Pt-FTO electrode. However, a
larger Warburg diffusion impedance was observed because of the
higher capacitance developed at the porous electrode/electrolyte
interface. To overcome this higher diffusion resistance, the layer
thicknesses of the TiN nanotube arrays were suggested to be kept as
small as possible for any practical application. The DSC prepared
using the TiN nanotube arrays CE had a PCE of 7.73%, which was
relatively higher than that of the Pt-FTO-based DSC (7.45%). Chen
et al.113 prepared TiN nanoplates supported with carbon fibers. In
their report, they first grew TiO2 nanoplates onto a carbon fibers, and
a high-temperature ammonification process was used to convert TiO2

into porous TiN nanoplates, as indicated in Figure 12. The prepared
TiN nanoplates supported with carbon fibers acted as the CE material
in the DSCs and exhibited a superior PCE (7.20%) to that of the
Pt (6.23%; Figure 12e). Later, TiN composites were investigated as the
CE material in the DSCs, and in certain cases, superior performances
were achieved because of the synergistic effect of the individual
components.114,115 According to our theoretical calculation, Fe2N
and MoN could also be used as an active electrocatalyst for the
triiodide reduction reaction because their EIad values (0.77 and
0.90 eV) are within the optimal range. Li et al.19 evaluated a few
typical transition metal nitrides, such as MoN, Fe2N and WN, which
were derived from the nitridation of MoO2, Fe2O3 and WO3,
respectively. On the basis of electrochemical impedance spectroscopic,
the MoN and WN electrode achieved Rct values of 0.92 and 0.94
Ω cm2, respectively, which were remarkably smaller than that of the Pt
electrode (2.28Ω cm2), thus exhibiting potential as CE materials. On
the other hand, the Fe2N electrode displayed a relatively larger Rct

value of 5.45Ω cm2 and the largest mass-transfer diffusion resistance
among all of the electrocatalysts investigated in their study. Eventually,
MoN exhibited the highest PCE after Pt, and the PCE order was
reported to be Pt4MoN4WN4Fe2N. In addition, further improve-
ments on the electrocatalytic performance were conducted by con-
trolling the diffusion kinetics in porous MoN nanorods, and a few
composites have also been studied.116

Metal carbides
Transition metal carbides (TMCs) have been studied extensively
because of their interesting physicochemical and catalytic properties
that are similar to certain noble metals, including Ru, Rh, Pd, Os, Ir
and Pt.117,118 Interestingly, our theoretical calculation results indicated
that the EI

ad values of MoC and WC (estimated to be 0.91 and 1.02 eV,
respectively) fall within the optimal range of efficient electrocatalysts
(0.33–1.20 eV), demonstrating their potential as good electrocatalysts
for the triiodide reduction reaction. Jang et al.119 initially used WC as a
electrocatalyst in the triiodide reduction reaction, and a promising
result was obtained. The polymer-derived (WC-PD) and microwave-
assisted (WC-MW) products they prepared were tested as CEs in the
DSCs, and the PCEs were reported to be 6.61 and 7.01%, respectively,
which were slightly lower than that of the conventional Pt-based DSC
(8.23%). Recently, a WC and carbon-composite nanofiber was
prepared by electro-spinning followed by a one-step carburization
method, and it was demonstrated to be a powerful electrocatalyst in
the I�=I�3 electrolyte system, resulting in the highest PCE of 7.77%.120

A further attempt was made by Wu et al.,17 who fabricated the
composites of MoC and WC embedded in the ordered nanomeso-
porous carbon materials (MoC-OMC, WC-OMC). The prepared
composites were reported to possess an extremely large surface area
of 611 and 598m2 g− 1 respectively, which was beneficial as a larger
contact area for the triiodide reduction reaction during catalysis and

Figure 12 (a, c) TEM images, (b) SAED, (d) HRTEM images for the TiN
nameplates. (e) J-V characteristic curves of the DSCs prepared using TiN-CF,
Pt wire and bare CF as the CE. Adapted from Chen et al.113 Copyright ©
2014 Royal Society of Chemistry.
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resulted in superb electrocatalytic activity. The MoC-OMC and
WC-OMC were found to produce PCEs of 8.34 and 8.18%,
respectively, which is higher than that of the Pt-based DSCs (7.89%;
Figure 13). Then, titanium carbide121 and silicon carbide122 were also
identified to be efficient CE materials for the triiodide reduction
reaction.

Doped metal oxides
The doping treatment on a variety of metal oxides has been proven to
be an effective way to improve the electrocatalytic activity for several
applications.123,124 In the study on DSCs, conductive oxides are
primarily used as a conducting support for electrocatalytically active
materials (for example, Pt) to facilitate a faster electron transfer
throughout the external circuit. Unfortunately, a few conductive
oxides, such as indium oxide (In2O3), stannic oxide (SnO2) and zinc
oxide (ZnO), were tested to be catalytically inactive toward the
triiodide reduction reaction because of their low-adsorption energy
and limited number of active sites.26 To enable these materials to be
active for the triiodide reduction reaction, N atoms were purposely
incorporated into the In2O3 nanocrystals. As depicted in Figure 14, the
inserted N atoms formed a local NO2

δ−, in which two O atoms
deviated from the original lattice site in In2O3. The doped N atom
preferred to be located at the subsurface and bind with the surface of
the In atoms at a distance of 2.30 Å. The surface-binding energy of the

N-In2O3 toward I or I2 varied with a change in the coordination
environment. Using the DFT calculation, the EIad for CH3CN/N-In2O3

(0.94 eV) was significantly enhanced compared with that of the pure
In2O3 (0.16 eV).60 Clearly, the EIad value of In2O3 after N doping is
well within the optimal range for a good electrocatalyst, indicating an
increased catalytic activity. This theoretically affirmative result encour-
aged the use of N-In2O3 as a CE material in DSCs.60 Compared with
the undoped In2O3 counterpart, N-In2O3 exhibited remarkable
electrocatalytic activity, resulting in a PCE as high as 7.78%, which
is higher than that of the DSCs equipped with the Pt CE (Figure 14).
In a recent study, we used a facile in situ vapor-phase hydrothermal

surface-doping approach on Co3O4 nanosheets to achieve an unpre-
cedentedly high surface S content (447%) and realized a triiodide
reduction reaction ability in the DSCs (Figure 15).61 The theoretical
calculation on the S-doped {111} faceted Co3O4 nanosheets suggested

Figure 13 TEM images of (a) MoC and (b) WC embedded in the ordered
nanomesoporous carbon (OMC). The insets in a and b depict the magnified
areas. (c) J-V characteristic curves of the DSCs prepared using WC-OMC,
MoC-OMC and Pt CEs. Adapted from Wu et al.17 Copyright © 2011 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 14 (a) Most stable structure of the interstitial N-doped In2O3
(N-In2O3); (b) top view and (c) side view of the optimized-surface structure
of N-In2O3. Red, brown, blue and purple balls represent O, In, N and I,
respectively. (d, e) High-resolution XPS of N 1 s, O 1 s. (f) TEM and
(g) HRTEM images of N-In2O3 nanocrystals. (h) Electrochemical impedance
spectroscopic spectra of the symmetrical cells prepared using the Pt,
N-In2O3 and In2O3 electrocatalysts. (i) J-V curves of the DSCs. Adapted from
Zhang et al.60 Copyright © 2013 Rights Managed by Nature
Publishing Group.
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a favorable EI
ad of 0.57 eV, which is close to the value obtained for Pt

(0.52 eV) and expected to be a potential electrocatalyst for the triiodide
reduction reaction. The S-Co3O4 displayed a competing PCE (7.79%)
compared with the Pt-based DSC (7.81%). It is believed that the
surface O substituted with S led to a Co–S bond formation that may
promote active sites for the triiodide reduction reaction. In another
example, a nitrogen-doped TiO2/graphene (N-TA/G) nanohybrid
prepared at 700 °C under a continuous flow of ammonia gas was also
reported to be a potential CE electrocatalyst for the DSC, exhibiting a
PCE of 5.04%, which was slightly lower than that of the Pt-based DSC
(6.40%).125

Thus far, we have discussed the development of a generic and
efficient screening strategy for the electrocatalytic activity of Pt-free
materials for the triiodide reduction reaction with respect to the
benchmark Pt electrocatalyst. On the basis of the first-principles
calculations, the theoretical screening primarily focused on a few
semiconducting materials, including oxides, sulfides, nitrides and
carbides, and several of them were predicted to be potentially good
candidates as CE materials in DSCs. It is worth mentioning that a few
of these inorganic materials have already been proven to possess
excellent electrocatalytic activity for the triiodide reduction reaction,
and a few of them still deserve to be investigated further. To the best of
our knowledge, no specific theoretical investigation is available for
certain classes of materials, including phosphides,126 selenides,127

tellurides,128 carbon,129–134 polymer135 and hybrids,136 which are
experimentally proven to be active for the triiodide reduction reaction.
The authors believe that a comprehensive theoretical model should be
developed to categorize a wide variety of materials in a more
efficient way.

CONCLUSIONS AND PERSPECTIVES

As a complex photoelectrochemical device, DSCs are a promising
alternative to traditional semiconductor-based solar cells. In this
rapidly developing field, finding an active CE material for redox
mediators, such as I�=I�3 , is of great importance for the promotion of

the DSCs. Using theoretical calculations, a general principle has been
developed for screening Pt-free alternative CE materials for a triiodide
reduction reaction in the DSCs, and more importantly, a series of new
Pt-free CE materials, such as metals, metal oxides, metal sulfides,
metal nitrides and metal carbides, have been successfully prepared, all
of which demonstrate an excellent PV performance. With this
theoretical screening principle, more low-cost and high-efficiency
CE materials are expected to be designed and fabricated through
adjusting the local geometrical and electronic structures of certain
functional materials. Furthermore, these recent developments in the
DSCs’ field will pave the way for a large-scale production of the I�=I�3
shuttle redox mediator-based DSCs as a commercial product for solar
energy conversion. Furthermore, the theoretical framework in this
report can be applied to other redox couples, such as Co-complex
(Co(II)/Co(III)), disulfide/thiolate (T−/T2), ferrocene/ferrocenium
(Fc/Fc+), Cu(I)/Cu(II) and Ni(III)/Ni(IV) in the DSCs. Interestingly,
the screening principle highlighted in this report may offer a
promising approach to advance the insight into the inherent electro-
catalysis for dye-sensitized photoelectrochemical cells for the hydrogen
evolution or synthesis, lithium− iodine (Li− I2) cell for energy storage
and two-step photoexcitation for overall water splitting.
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1.6 Methodologies for Synthesis 

The performance of materials in electrocatalysis is largely dependent on their 

chemical and physical properties, which in turn, are decided by the adopted synthesis 

method. In an ideal synthesis method, the synthesised material should possess a few 

fundamental criteria, including high purity with a narrow size distribution, high 

electronic conductivity, and large surface area. However, the synthesis of an 

electrocatalyst with multiple advantages is challenging. Recently, nanosized materials 

have received significant attention due to their unique properties, such as extremely 

high surface area and excellent electronic properties. It is worthwhile to mention that the 

performance of nanostructured materials compared to their bulk counterpart is very 

different in most applications. Therefore, most current research has mainly focused on 

nanostructured electrocatalysts. Over the last few decades, many synthesis methods 

have been reported, including molten-salt calcination,
[159]

 hydrothermal/solvothermal 

growth,
[160-162]

 solution-phase reactions,
[163]

 physical vapour deposition (PVD),
[133, 164]

 

chemical vapour deposition (CVD),
[165, 166]

 atomic layer deposition (ALD),
[167]

 arc 

discharge
[168]

 and laser-assisted growth,
[169]

 which have been successfully utilised to 

prepare various kinds of nanostructured electrocatalysts. The following discussion on 

synthesis methods is limited to modified molten-salt calcination and hydrothermal 

methods, which are the focus of this thesis. 

1.6.1 Modified Molten-Salt Synthesis 

The traditional molten-salt synthesis method, where a molten salt acts as medium 

for preparing complex oxides, is one of the largely explored methods for synthesising 

ceramic materials. This method is also considered as an additive to enhance the reaction 

rates of solid-state reactions, where molten salt behaves as a solvent of the reaction 

system. In a typical molten-salt method, a calcination temperature is chosen at which 
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the salt is entirely melted under a given experimental condition. Sometimes, a certain 

combination of salts is used to carry out a solid-state reaction. For example, the melting 

point of NaCl and KCl are 801 and 770 °C, respectively. Nevertheless, the equimolar 

mixture (eutectic composition) of NaCl and KCl leads to a decreased melting point of 

650 °C. The combination of Li2SO4-Na2SO4 is the most commonly used salting 

combination because of its low melting point of 594 °C. On the other hand, Na2SO4-

K2SO4 is often used because of its high melting point of 823 °C.
[170]

 Therefore, a certain 

combination of solid salts is capable of providing a flexible rang of melting points 

required for a designed experiment. The basic difference between molten-salt and a 

traditional solvent-based procedure is the solubilities of the synthesised products in both 

solvents. In a molten-salt method, the products are negligibly soluble in salts, where the 

reactant constituents are almost entirely soluble or dispersed in a given solvent in 

solvent-based synthesis method. The general scheme of the molten-salt method is 

shown in Fig. 1.19. 

 

Fig. 1.19 General preparation procedure in modified molten-salt synthesis. 

In a molten-salt method, the product is formed in two stages, reaction and particle-

growth. In the reaction stage, the molten salt does not necessarily dissolve all the 

reactants and the reaction occurs in the presence of solid reactant particles. Two 

processes under a high degree of supersaturation take place to prepare the product 

powder. Firstly, solution-precipitation process; the reactants are dissolved in molten salt 

and the products are precipitated. Secondly, solution-diffusion process; one of the 

reactants mixing

drying

salt

calcination

washingproduct
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reactants dissolves in molten salt and reacts with another reactant on the surface of 

molten salt. At the end of the reaction stage, the solid products are formed in molten 

salt. Further heating leads to the particle-growth stage and the product particles change 

their size and shape under a low degree of supersaturation.
[170]

  

 

Fig. 1.20 (a) Schematic illustration of ferrite/carbon nanosheet preparation by salt-

template process; (b) FESEM; (c, d) TEM images of 16 nm iron-oxide/carbon 

nanosheets. Inset in (d) displays the high crystallinity of the nanosheets.
[171]

 

Recently, the idea of molten-salt method has been successfully utilised to prepare a 

wide variety of nanostructured materials, where the reactants are melted on the salt 

particle to produce various kinds of nanostructures. Interestingly, a certain precursor 

containing carbon and metal sources can provide well-organised nanosized particles on 

carbon nanostructures.
[159, 172-174]

 For instance, Hyeon et al. demonstrated a direct 

synthesis of ferrite/carbon hybrid nanostructured material for high performance lithium-

ion battery anodes (Fig. 1.20).
[171]

 Since the synthesis temperature was lower than the 

melting point of Na2SO4, they named this synthesis as salt-template method. However, 

the utilisation of molten salt as a reactant and template at the same time in high 

temperature calcination is rarely studied.
[172]

 On of the fascinating points of this 

(a) 

(b) (c) (d) 



81 

synthesis method is that the heterogeneous nanostructures can be prepared in a one-step 

process. 

Taking the basic idea from the traditional molten-salt synthesis method, we have 

purposely designed a series of experiments to prepare four different nanostructured 

electrocatalysts. Since the synthesis calcination temperature was lower than the melting 

point of Na2SO4 salt (~884 °C), the salt were not entirely melted at that temperature. 

However, we believe that the interfacial salt crystals may be melted at this elevated 

temperature and reacts with the reaction precursor to yield the nanostructured products. 

In this thesis, this synthesis method is called as “modified molten-salt” calcination 

approach, which was extensively employed to synthesise various transition metal-based 

materials with the presence of carbon nanostructures for the application in OER. 

1.6.2 Hydrothermal Synthesis 

The hydrothermal method has been very popular, gathering interest from scientists 

and technologists of different disciplines, particularly in the last few decades. In 2001, 

Byrappa defined hydrothermal reaction as “any heterogeneous chemical reaction in the 

presence of a solvent (whether aqueous or non-aqueous) above room temperature and at 

pressure greater than 1 atm in a closed system”.
[175]

 Hydrothermal synthesis offers many 

advantages over traditional and non-conventional synthesis methods. Unlike many 

advanced methods that can prepare a large variety of forms, the respective costs for 

instrumentation, energy and precursors are much lower for hydrothermal method. From 

the environmental perspective, hydrothermal methods are more environmentally benign 

than many other methods. This method is beneficial to different industries that rely on 

powder (e.g. materials, pigments, pharmaceuticals, and medical diagnostics) and will 

benefit from having access to powders with controlled size and morphology. A major 

advantage of hydrothermal synthesis is that it can be hybridised with other processes, 
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like microwave, electrochemistry, ultrasound, mechano-chemistry, optical radiation and 

hot pressing, to gain advantages, such as enhancement of reaction kinetics and increased 

ability to make new materials. This facile method does not need any seed, catalyst, 

harmful and expensive surfactant or template, and is promising for large scale and low-

cost production with high-quality nanocrystals. Since moderately high temperatures and 

long heating times are used to bring about the reactivity, only the most 

thermodynamically-stable phases can be prepared by this method.
[176]

 

 

Fig. 1.21 (a) Schematic illustration of morphology evolution; (b-e) SEM images of 

turning nanosheet into a nanotube; (f) side-view and (g) magnified TEM images of TiO2 

nanotube prepared by vapour-phase hydrothermal method.
[162]

 

This method is particularly suitable for the direct one-step growth of nanostructured 

films on various substrates and can be directly used as an electrocatalyst-loaded 

(a) 

(b) (c) (d) (e) 

(f) (g) (h) 
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electrode for many applications.
[177-181]

 However, a sophisticated design of 

hydrothermal method, known as vapour-phase hydrothermal methods, have been 

developed to directly grow vertically aligned titanate nanotubes (Fig. 1.21) with larger 

and tunable diameters on titanium foil substrate via a distinctive nanosheet rolled-up 

mechanism.
[162]

 A series of target surface exposed
[182-184]

 nanostructured materials
[161, 

185, 186]
 have also been prepared by our research group. In this thesis, a facile one-step 

hydrothermal synthesis method was employed to directly grow an ultrathin 

nanostructured MoS2 film on FTO-glass substrate. Later the MoS2 coated on FTO-glass 

was tested as an electrocatalyst for electrocatalytic IRR at the counter electrode in 

DSSCs. 

1.7 Characterisation Techniques 

After the rationally designed nanostructured earth-abundant materials are 

fabricated, it is necessary to identify, analyse and characterise their physicochemical 

properties. A range of instrumental techniques was employed to entirely characterise the 

synthesised materials. The required characterisations were conducted in the Centre for 

Clean Environment and Energy (CCEE), Australian Institute for Bioengineering & 

Nanotechnology (AIBN), Centre for Microscopy and Microanalysis (CMM) and the 

QLD Micro and Nanotechnology centre (QMNC). Detailed instrumental information is 

discussed in separate sections below. 

1.7.1 Physicochemical Characterisations 

X-Ray Diffraction 

According to Bragg’s law, when X-rays strike a crystal at an angle, it diffracts into 

many specific directions. The identification of the crystalline phase existing in the 

material is achieved by comparing the pairs (di, Ii), which are the interplanar distances 
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(in Å) and relative intensity (from 1 to 100) of each peak from the XRD pattern. In this 

work, a Bruker D8 advance diffractometer equipped with graphite monochromator was 

used to characterise the crystallographic structure with a Cu Kα radiation (λ = 1.5418 

Å). All the powder samples were suspended on the small disk-shaped silicon wafer 

holder with a flattened surface. All measurements were carried out at room temperature.  

Raman Spectroscopy 

Principally, Raman spectroscopy is utilised to observe the vibrational, rotational 

and other low-frequency modes in the materials system. It is a powerful technique to 

identify the materials’ bulk chemical structure. The Raman spectra of all samples were 

collected using a Renishaw 100 system Raman spectrometer (632.8 nm He-Ne laser) 

with a spectral resolution of 2 cm
-1

 (calibrated using 520 cm
-1

 of silicon band). The 

Raman sampling technique involved the powder being mounted on double-side scotch 

tape adhered to glass substrate. 

Electron Microscopy 

Generally, scanning electron microscope (SEM) is the normal means to observe 

nanostructured morphology. In addition to the nanostructural morphology observation, 

the crystallinity of the materials can also be confirmed by measuring the interspacing of 

specific significant planes in high-resolution transmission electron microscopy 

(HRTEM) and indexing the electron diffraction plane obtained by selected area electron 

diffraction (SAED) analysis. The field emission SEM measurements of the prepared 

samples were investigated by JSM-7001F. The voltage and current of electron beam 

were 5 kV, 10 mA, respectively. Energy-dispersive X-ray spectroscopy (EDS) 

measurements were also conducted using JSM-7001F under the electron beam voltage 

and current of 15 kV and 20 mA, respectively. The TEM observations were conducted 

using Philips Tecnai F20, which is equipped with the scanning transmission electron 
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microscopy-energy dispersive X-ray spectroscopic (STEM-EDS) and EDS solid-state 

X-ray detector under the accelerating voltage of 200 kV. Typically, the samples were 

prepared by drop casing ethanol-dispersed nanostructures onto the TEM copper grid. 

The HRTEM, SAED and lattice fringes were processed using Gatan software. 

Brunauer-Emmett-Teller Surface Area Analysis 

The specific surface area that is often called as Brunauer Emmett Teller (BET) 

surface area of the sample were evaluated by nitrogen multilayer adsorption measured 

as a function of relative pressure using a fully automated analyser. The Barrett-Joyner-

Halenda (BJH) analysis was conducted to determine the pore size distribution of the 

samples. Both of techniques were implemented using Quantachrome Autosorb-1 

equipment. 

Thermal Analysis 

Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and 

mass spectroscopic (MS) measurements were conducted using TG/DSC, Netzsch STA 

449F3 Jupiter thermogravimetric analyser (TG/DSC) and OmniStar GSD 320 (MS). All 

samples were heated from 100 to 900 °C (unless otherwise mentioned) with a heating 

ramp of 10 °C min
-1

 in either air or Ar atmosphere. The powder samples were loaded in 

an alumina crucible with a small hole on the lid. To realise the product formation 

mechanism, instantaneous TG/DSC-MS data were recorded using an online gas mass 

spectrometer. 

Fourier Transform Infrared Spectroscopy 

To realise the vibrational spectroscopic information in the synthesised 

nanostructured materials, Fourier transform infrared (FTIR) spectra were measured 

using a Perkin Elmer spectrum 1000 FTIR spectrometer. The sample powders and KBr 
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matrix were finely ground in a mortar and pestle maintaining an approximate weight 

ratio of 1:200. The pellets were prepared using a die set at high pressure. KBr was used 

as a reference matrix throughout the FTIR measurements.  

Inductively Coupled Plasma Optical Emission Spectroscopy 

The metal contents in samples were determined by inductively coupled plasma 

optical emission spectroscopic (ICP-OES) technique using ICP-OES, Agilent 710. The 

sample powders were first dissolved in 0.5 M HNO3 to get a solution, which were then 

analysed in ICP-OES. The limit of detection (LOD) for Co and Cr is 0.3 and 0.2 μg L
-1

, 

with the other metal LODs listed in the instrument manual. 

X-ray Photoelectron Spectroscopy 

The surface chemical composition and the oxidation state of each constituent were 

analysed by X-ray photoelectron spectroscopic (XPS) technique (Kratos Axis ULTRA 

incorporating a 165 mm hemispherical electron energy analyser). All the binding 

energies were carefully aligned by reference to the C 1s peak (284.6 eV) arising from 

surface hydrocarbon and adventitious hydrocarbon. 

1.7.2 Electrochemical Characterisations 

OER Test 

All the electrocatalysts prepared in this work for OER were in powder form. For 

each OER measurement, 4.0 mg of the catalyst was dispersed in 1000 µL of solvent 

mixture of Nafion (5%), absolute ethanol and Milli-Q water maintaining the volume 

ratio of 1:1:8 by at least 1 h of continuous sonication to form a homogeneous ink. Prior 

to measurement, the rotating disk electrode (RDE; GCE, 5.0 mm in diameter, Pine 

Instrument) was polished with 0.3 µm alumina suspension, and then rinsed adequately 
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by a tap water stream to remove any residue. The clean RDE was then dried in a N2 

stream for the immobilisation of the catalysts. Then 12.0 µL of the catalyst ink 

(containing 48 µg of catalyst) was drop casted (loading 0.24 mg cm
-2

) on the cleaned 

RDE and dried in air at room temperature. Electrochemical studies were conducted in a 

standard three-electrode system, where catalyst ink was casted on RDE as the working 

electrode, an Hg/HgO (1.0 M NaOH) was the reference electrode and a platinum mesh 

acted as the counter electrode, respectively. The data were recorded using a computer-

controlled potentiostat (CHI 760D, CH Instruments, USA). For the OER test, the 

current density was normalised to the geometric surface area (0.196 cm
2
) and the 

measured potentials (vs. Hg/HgO) were converted to a reversible hydrogen electrode 

(RHE) scale according to the Nernst equation: 

VpHEE HgOHgRHE 098.0059.0/          (1.5) 

Continuous O2 flow was maintained over the electrolyte (0.1 M or 1.0 M KOH) to 

ensure the O2/H2O equilibrium at 1.23 V vs. RHE scale. The dynamic LSVs were 

carried out at a scan rate of 5 mV s
-1

 for the measurement of polarisation curves. The 

working electrodes were scanned several times until a stable polarisation curve was 

achieved. All polarisation curves were corrected with 95% iR-compensation. The Tafel 

slopes were calculated according to the Tafel equation as follows: 











0

log
J

J
b                                                                                                               (1.6) 

where, η defines the overpotential; b, J and Jo denote the Tafel slope, current 

density, and exchange current density, respectively. The overpotential is calculated 

using the following equation: 

VERHE 23.1            (1.7) 

All experiments were carried out with continuous rotation of the working electrode 

at 1600 rpm to get rid of the oxygen bubbles produced during the OER measurements.  
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To ensure the anodic current originated from OER rather than other side reactions, 

a rotating ring disk electrode (RRDE) was employed. The ring (Pt) potential was set at 

0.4 V (vs. RHE) to reduce the O2 produced from the catalyst loaded on the disk 

electrode in N2-saturated 1.0 M KOH solution. In order to monitor HO2
-
 formation, the 

ring potential was held at 1.5 V (vs. RHE) for oxidising HO2
- 

intermediates in a N2-

saturated 1.0 M KOH electrolyte. The disk potentials for both measurements were set at 

fixed value vs. RHE. A rotating speed of 1600 rpm was maintained throughout the 

experiment to sweep the generated products into the ring. The chronopotentiometric 

(CP) and chronoamperometric (CA) stability were tested at the current density of 10 

mA cm
-2

 and at certain electrode potential for 10-12 h. AC impedance measurements 

were conducted under the same experimental configuration when the working electrode 

potential was set at a fixed overpotential. The frequencies were ranging from 10
5
 to 0.1 

Hz with the perturbation amplitude of 5 mV. The mass activity (A g
-1

) values were 

calculated from the catalyst loading m (0.24 mg cm
-2

) and the measured current density 

J (mA cm
-2

) at η (fixed values are mentioned in separate sections), utilising the 

following equation 
[146]

: 

𝑀𝑎𝑠𝑠 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐽

𝑚
           (1.8) 

The turnover frequency (TOF) calculation of the catalysts was done using the 

following equation 
[58]

: 

nF

AJ
TOF






4
                                                                                  (1.9) 

J (A cm
-2

) is the measured current density at η (fixed values are mentioned in 

separate sections); A (0.196 cm
2
) is the area of RDE; F (96485.3 C mol

-1
) is Faraday’s 

constant and n is the number of moles of the active materials. TOF values were 

calculated assuming all metals were active during OER catalysis. For a meaningful 

comparison, commercial RuO2 powder was used as a benchmark catalyst for OER 

measurement and followed the same procedure as mentioned above.  
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IRR Test 

To assess the IRR performance of nanostructured MoS2 coated FTO-glass, 

complete DSSCs were assembled. The commercially available TiO2 nanoparticle films 

(Dyesol, Australia) were used and pre-calcinated at 500 °C for 30 min in air before dye 

(N719, Dyesol, Australia) adsorption for another 24 h. The dye-sensitised TiO2 

photoanodes with an active area of 0.25 cm
2
 were further assembled with the predrilled 

commercial platinum counter electrodes (Dyesol, Australia) into a sandwich-type cell 

and then sealed with a hot-melt gasket of the ionomer Surlyn
®
 1702 (Dyesol, Australia). 

The DSSCs made of MoS2 counter electrodes were also assembled as above. A 500 W 

Xe lamp (Trusttech Co., Beijing) with an AM 1.5G filter (Sciencetech, Canada) was 

used as the light source. Light intensity was measured by a radiant power meter 

(Newport, 70260) coupled with a broadband probe (Newport, 70268). The photovoltaic 

measurements of DSSCs were recorded by a scanning potentiostat (Model 362, 

Princeton Applied Research, US). Cyclic voltammograms (CVs) were recorded using 

CHI 760D (CH Instruments, Inc.) in the voltage range of -0.40‒1.2 V (vs. Ag/AgCl 

reference electrode) at a scan rate of 100 mV s
-1

. The electrolyte for CV measurements 

consisted of 10 mM LiI, 1 mM I2 and 0.1 M LiClO4 in acetonitrile.
[187, 188]

  

A platinum mesh was used as the counter electrode. A symmetrical dummy cell, 

consisting of two identical MoS2 films (or Pt electrodes), was prepared. These dummy 

cells contained the same operating electrolyte used for DSSCs and were utilised for 

measuring electrochemical impedance spectroscopic (EIS) and Tafel polarisation 

curves. The EIS experiments were conducted with an impedance analyser (CHI 760D, 

CH Instruments, Inc.). The frequency range was 10
5
‒10

-1
 Hz where the perturbation 

amplitude was 10 mV. All measurements were carried out at room temperature in dark 

conditions. Tafel polarisation curves were recorded by an electrochemical workstation 

(CHI 760D, CH Instruments, Inc.) in a two-electrode system with a scan rate of 10 mV 



90 

s
-1

. 

1.7.3 Computational Analysis 

To get a better understanding of the electrocatalytic activity for OER and IRR, 

density functional theory (DFT) computations were performed using the Vienna ab 

initio simulation package (VASP) at the National Computational Infrastructure (NCI) 

facility in Canberra, Australia, which is supported by the Australian Commonwealth 

Government. The detailed theoretical calculations for CoCr2O4/carbon nanosheet 

composite and surface sulfur doped metallic Co catalysts are discussed separately in 

Chapter 2 and Chapter 3. 

1.8 Content and Structure of the Thesis 

This thesis contains seven chapters: a general introduction and background 

(Chapter 1), five experimental data chapters (Chapters 2-6) and conclusions (Chapter 7). 

The results chapters 2, 3, 4 and 6, including part of the introduction (Chapter 1), are in 

the form of PDFs of manuscripts already published in peer-reviewed journals. Whereas, 

the manuscripts submitted (Chapter 5) is also presented as embedded PDFs (according 

to the requirement of the journal to which they have been submitted). This thesis has 

been prepared in accordance with the Griffith University policy on preparing a PhD 

thesis as a series of published and unpublished papers (see the policy in the section of 

“All papers included are co-authored”). As a result, there are some unavoidable 

repetitions among the results chapters, including the section descriptions of the studies 

and reference lists. 
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1.9 Scope of the Thesis 

This thesis focuses on synthesising rationally designed nanostructured earth-

abundant electrocatalysts via a facile one-step growth approach for electrocatalytic 

applications in OER and IRR as schematically illustrated in Fig. 1.22. 

Fig. 1.22 Schematic illustration of the thesis structure as a “series of published and 

unpublished papers”. 

In Chapter 1, the introduction and background of this PhD thesis project are 

described based on the available literature. The factors or electrochemical parameters, 

including the synthetic approach, that can significantly influence the overall efficiency 

of an electrocatalyst are summarised. First, the basis and importance of electrocatalysts 

for application in various energy conversion applications were reviewed followed by the 

theoretical mechanistic understanding of OER processes and a systematic review of 

existing nanostructured electrocatalysts. Second, the theoretical screening procedure for 

Nanostructured Earth-Abundant Electrocatalysts

Oxygen Evolution Reaction (OER)

Triiodide 

Reduction 

Reaction (IRR)

S-Co/CNS

Chapter 3

CoCr2O4/CNS

Chapter 2

Co9S8/CNS

Chapter 4

Ni3S2@C/CNS

Chapter 5

MoS2

Chapter 6

One-Step Synthesis

PhD Thesis

Electrocatalysis
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electrocatalysts in IRR along with the universal applicability of such protocols for 

existing electrocatalysts is systematically arranged and discussed in a published review 

paper. Based on the literature review of the reported electrocatalysts for OER and IRR, 

a series of research points were identified for study in this thesis; (i) the essentiality for 

developing rationally designed nanostructured earth-abundant electrocatalysts, (ii) a 

generic one-step synthesis method; (iii) improvement of the concentration of 

electrocatalytic active sites; (iv) manipulation of the surface electronic structure; (v) 

synthesis of the nanocomposites with sophisticated connectivity among the individuals; 

and (vi) the development of concurrent growth approach for transition metal sulfides or 

their nanocomposites. 

In Chapters 2-6, a series of nanostructured earth-abundant transition metal-based 

materials, including CoCr2O4/CNS, S-Co/CNS, Co9S8/CNS, Ni3S2@C/CNS and MoS2, 

were fabricated via a one-step synthetic approach (Fig. 1.22) by either modified molten-

salt calcination or hydrothermal method. The electrocatalytic applications of such 

materials were evaluated in OER and IRR, and compared to benchmarks or the 

materials studied to date. Finally, the influence of the extent of the concentration of 

electrocatalytic active sites, manipulated metal surface electronic structure and 

electronic conductivity within the nanocomposites were rigorously investigated. 

In Chapter 7, a general conclusion and the new findings or developments in this 

work are briefly discussed. In addition to the conclusions, a series of possible future 

research pathways that can benefit from this thesis or further investigation on some 

points that are not fully understood is outlined at the end of this thesis. 
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 Strongly Coupled CoCr 2 O 4 /Carbon Nanosheets as High 
Performance Electrocatalysts for Oxygen Evolution 
Reaction 
   Mohammad    Al-Mamun     ,        Xintai    Su     ,        Haimin    Zhang     ,        Huajie    Yin     ,        Porun    Liu     ,    
    Huagui    Yang     ,        Dan    Wang     ,        Zhiyong    Tang     ,        Yun    Wang     ,   *       and        Huijun    Zhao   *   

  The electrocatalytic oxygen evolution reaction (OER) is 
important to energy conversion and storage applications, such 
as water splitting and metal–air batteries. [ 1–3 ]  While RuO 2  has 
been regarded as the benchmark OER catalyst due to its 
superior performance, [ 4–6 ]  its scarcity and high cost prohibit 
the large-scale applications. As such, exploiting earth-abun-
dant and low-cost OER electrocatalysts with high catalytic 
performance has attracted great attention. [ 7–13 ]  The avail-
able scientifi c evidence has shown that the spinel-type binary 
metal oxides, such as CoFe 2 O 4 , 

[ 14 ]  NiCo 2 O 4 , 
[ 15,16 ]  ZnCo 2 O 4 , 

[ 17 ]  
Cu  x  Co 3–   x  O 4 , 

[ 18 ]  and Li  x  Co 3–   x  O 4 , 
[ 18 ]  could be a class of prom-

ising candidates due to their superior chemical stability and 
catalytic activity. [ 19 ]  However, they have drawback such as 
inferior electrical conductivity. [ 20 ]  A number of recent reports 
suggest that anchoring nano-sized electrocatalysts onto con-
ductive and high-surface area supports (e.g., active carbon, 
carbon nanotubes, and graphene) could be used to noticeably 
increase the electrical conductivity and catalytic active sites, 
leading to an enhanced OER performance. [ 21–30 ]  

 In previous studies, the anchoring of oxides is generally 
implemented through physical mixing of metal salts and 
carbon precursors followed by additional thermal treat-
ments. [ 27,31,32 ]  Nevertheless, the catalysts synthesized via 
such approaches possess unsatisfactory performance due to 
the incomplete conversion of binary metal oxide or highly 
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resistive heterogeneous contacts. [ 33 ]  To this end, the concur-
rent growth of strongly coupled binary metal oxides and 
conductive carbon materials could be an effective means to 
overcome the aforementioned problems. [ 34,35 ]  This is because 
that the formation of nanostructured carbon under the con-
current growth conditions can spatially confi ne the growth 
of metal oxide nanocrystals, [ 34 ]  giving rise to the synergistic 
interaction between the binary metal oxide and carbon in the 
nanocomposite to improve density of catalytic active sites 
and electrical conductivities, favorable for electrocatalytic 
OER. 

 Herein, we report a molten-salt calcination method 
to concurrently grow a spinel-type of CoCr 2 O 4 /carbon 
nanosheets (CoCr 2 O 4 /CNS) composite from the metal–oleate 
complex precursors, as schematically illustrated in  Figure    1  . 
The sample resulting from 700 °C treatment (CoCr 2 O 4 /
CNS-700, the affi liated number annotates the treatment 
temperature of samples) displays a superior OER catalytic 
performance than the benchmark commercial RuO 2  electro-
catalyst in 1.0  m  KOH electrolyte with low overpotential and 
Tafel slop of 326 mV (at the current density of 10 mA cm −2 ) 
and 51.0 mV dec −1 , respectively.  

 In a typical synthetic process, the metal–oleate 
(CoCr 2 (OH)  x  /OA) precursor (obtained by complexion of 
metal salts and sodium oleate; see the Experimental Section 
in the Supporting Information) is calcined with the molten-
salt (Na 2 SO 4 ) under Ar atmosphere. The X-ray diffraction 
(XRD) pattern ( Figure    2  a) of the as-synthesized CoCr 2 O 4 /
CNS-700 product can be indexed as the cubic spinel phase 
of CoCr 2 O 4  crystal structure (JCPDS 80-1668). [ 36,37 ]  In addi-
tion, the Raman spectrum of CoCr 2 O 4 /CNS-700 (Figure  2 b) 
displays the pure CoCr 2 O 4  characteristic bands peaked at 189 
( F  2g ), 458 ( E  g ), 517 ( F  2   g  ), and 667 cm −1  ( A  1g ), which also sup-
port the formation of the cubic spinel phase of CoCr 2 O 4 . 

[ 38 ]  
Interestingly, no obvious carbon diffraction peak in the 
XRD pattern (Figure  2 a) can be identifi ed, implying that the 
carbon is not in the pure graphitic form. [ 39 ]  The Raman spec-
trum (inset in Figure  2 b) demonstrates the carbon nanosheets 
(CNS) as disordered graphitic carbon are formed by the 
observed bands at 1336 cm −1  (D) and 1601 cm −1  (G). [ 34,40 ]  

 Figure  2 c shows a typical scanning electron microscopic 
(SEM) image of the as-synthesized CoCr 2 O 4 /CNS-700 
sample, revealing an irregular petal-like morphology. The 
selected area electron diffraction (SAED) pattern (bottom 
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inset in Figure  2 d) confi rms the existence of the (111), (222), 
(400), (440), and (533) planes, which are consistent with the 
XRD results shown in Figure  2 a. The high-resolution trans-
mission electron microscopic (HRTEM) image (top inset in 
Figure  2 d) shows a lattice spacing of 0.48 nm, corresponding 
to the (111) plane of the cubic spinel structured CoCr 2 O 4 . 
Furthermore, the HRTEM image (Figure  2 d) confi rms 
that the irregular petal-like nanostructures are formed by 
CoCr 2 O 4  nanoparticles (sized from 5 to 15 nm) embedded 
on CNS. Such a CoCr 2 O 4 /CNS hybrid structure could lead 
to a sophisticated connectivity between the nanostructured 
CoCr 2 O 4  and conductive CNS, facilitating the OER charge 
transfer process. 

 To understand the coupling effect on the interface prop-
erties of CoCr 2 O 4 /CNS catalysts, X-ray photoelectron spec-
troscopic (XPS) measurements are conducted. The survey 
spectrum reveals the presence of C, O, Cr, and Co (Figure S2, 
Supporting Information). For a meaningful comparison, pure 
nanoparticulate CoCr 2 O 4  (denoted as CoCr 2 O 4 -700) is syn-
thesized at 700 °C using the same experimental procedure 
without carbon source. The high-resolution Co 2 p  (Figure S3, 
Supporting Information) and Cr 2 p  spectra (Figure S4, Sup-
porting Information) of CoCr 2 O 4 /CNS-700 and CoCr 2 O 4 -700 
are similar, which can be assigned as the states of divalent 
Co and trivalent Cr species, respectively. [ 33,36,41,42 ]  However, 
the surface oxygen states of the two samples are much dif-
ferent. The deconvoluted O 1 s  XPS spectra of CoCr 2 O 4 /CNS-
700 and CoCr 2 O 4 -700 display three peaks at 530.7 (O3), 532.1 
(O2), and 533.2 (O1) eV, respectively (Figure  2 e,f). The fi tted 
O3 peak is associated with the lattice oxygen atoms with sat-
urated coordination number 3. The O2 peak can be related to 
the oxygen atoms possessing low coordination numbers 2 or 1 
and O1 peak stands for the oxygen atoms from hydroxyl spe-
cies of surface-adsorbed water molecules. [ 43 ]  The larger O2 
peak area in CoCr 2 O 4 /CNS-700 compared to CoCr 2 O 4 -700 
reveals the higher concentration of low-coordinated surface 
O atoms in the CoCr 2 O 4 /CNS-700 sample, which demon-
strates that the strong coupling between CoCr 2 O 4  nano-
crystals and CNS can chemically affect the interface properties 
and preserve low-coordinated surface O atoms to a higher 

extent in the nanocomposite during high-temperature calci-
nation under Ar atmosphere. 

 The electrocatalytic OER performances of the CoCr 2 O 4 /
CNS nanocomposites are appraised in 0.1  m  and 1.0  m  KOH 
electrolytes using a standard three-electrode system, respec-
tively (Supporting Information).  Figure    3  a,b shows the 
polarization curves of CoCr 2 O 4 /CNS-700, CoCr 2 O 4 -700, and 
commercial RuO 2  electrocatalysts obtained under a scan rate 
of 5 mV s −1 . For 0.1  m  KOH electrolyte, a sharp increase in 
anodic current at an onset potential of ≈1.47 V (vs reversible 
hydrogen electrode (RHE)) is observed for both CoCr 2 O 4 /
CNS-700 and commercial RuO 2  electrodes, whereas a 
signifi cantly anodic shifted onset potential (≈1.52 V) 
is observed from the CoCr 2 O 4 -700 electrode. Almost iden-
tical onset potentials of CoCr 2 O 4 /CNS-700 and commercial 
RuO 2  electrocatalysts indicate superior intrinsic catalytic 
activity of CoCr 2 O 4 /CNS-700 toward OER. At a current 
density of 10 mA cm −2 , the observed OER overpotential at 
CoCr 2 O 4 /CNS-700 electrode is 365 mV, which is even 9 mV 
lower than that of commercial RuO 2  electrode (374 mV) 
and signifi cantly lower than that of CoCr 2 O 4 -700 (Figure  3 a), 
indicating the importance of CNS in enhancing the electro-
catalytic OER performance of the catalyst. Similar results 
are also observed when 1.0  m  KOH is used as the electrolyte 
(Figure  3 b). The observed OER overpotential at CoCr 2 O 4 /
CNS-700 electrode under a current density of 10 mA cm −2  
is 326 mV, which is 10 and 96 mV lower than that of com-
mercial RuO 2  and CoCr 2 O 4 -700 electrocatalysts, respectively. 
Furthermore, the OER overpotentials at CoCr 2 O 4 /CNS-700 
electrode under a current density of 10 mA cm −2  in both 
0.1  m  and 1.0  m  KOH electrolytes are superior than the vast 
majority of widely reported spinel-type binary metal oxide 
electrocatalysts (Table S1, Supporting Information).  

 The electrocatalytic kinetics of CoCr 2 O 4 /CNS-700, 
CoCr 2 O 4 -700, and commercial RuO 2  electrodes toward 
OERs in 0.1  m  and 1.0  m  KOH electrolytes are evaluated by 
the Tafel polarization method at a scan rate of 1 mV s −1 , as 
shown in Figure  3 c,d. With 0.1  m  KOH electrolyte, the Tafel 
slope values of 58.2, 79.9, and 65.0 mV dec −1  are obtained 
for CoCr 2 O 4 /CNS-700, CoCr 2 O 4 -700, and commercial RuO 2  
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 Figure 1.    Schematic illustration of the molten-salt concurrent growth approach.
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electrocatalysts, respectively (Figure  3 c). Whereas, the cor-
responding Tafel slop values obtained from CoCr 2 O 4 /CNS-
700, CoCr 2 O 4 -700, and commercial RuO 2  in 1.0  m  KOH 
are, respectively, decreased to 51.0, 63.3, and 52.9 mV dec −1  
(Figure  3 d). Also, the calculated turnover frequency and mass 
activity of CoCr 2 O 4 /CNS-700 found to be 0.03141 s −1  and 
53.41 A g −1  are much higher than those of CoCr 2 O 4 -700 and 
RuO 2  (Table S2, Supporting Information) electrocatalysts. 
These results further confi rm the superior electrocatalytic 
OER kinetics of CoCr 2 O 4 /CNS-700 electrode. 

 To understand the origin of the superior OER kinetics, 
the electrocatalytic charge transfer resistance of CoCr 2 O 4 /
CNS-700, CoCr 2 O 4 -700, and commercial RuO 2  is character-
ized by the electrochemical impedance spectroscopy tech-
nique (Figure  3 e). The obtained Nyquist plot of CoCr 2 O 4 /
CNS-700 electrode exhibits a charge transfer resistance ( R  ct ) 
of 12.6 Ω, the lowest among CoCr 2 O 4 -700 (37.7 Ω) and com-
mercial RuO 2  (15.8 Ω) electrodes. It demonstrates that the 

strong coupling between the CrCo 2 O 4  nanoparticles and 
CNS in the CoCr 2 O 4 /CNS-700 sample can benefi t the charge 
transfer process and further improve the electrical conduc-
tivity and OER kinetics. 

 The electrocatalytic stability of CoCr 2 O 4 /CNS is also 
examined by the chronopotentiometric method under a 
constant current density of 10 mA cm −2  (Supporting Infor-
mation). As shown in Figure  3 f, the CoCr 2 O 4 /CNS-700 well 
retains its electrocatalytic activity over the testing period 
(10 000 s) with an insignifi cant increase in the overpotential 
(<60 mV) compared to CoCr 2 O 4 -700 (≈180 mV). It suggests 
the coupling in CrCo 2 O 4 /CNS can also improve the stability 
of catalyst. In strong contrast, the operating overpotential of 
RuO 2  increases rapidly within 3600 s (≈190 mV) under the 
same experimental condition. Based on the above merits, the 
CoCr 2 O 4 /CNS-700 nanocomposite can afford high catalytic 
effi ciency and durability than that of the benchmark RuO 2  
catalyst. 
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 Figure 2.    a) XRD pattern (* indicating Na 2 SO 4  peaks); b) Raman spectra; c) SEM image; d) HRTEM and local HRTEM images (top inset) and SAED 
pattern (bottom inset); O 1 s  XPS spectra of e) CoCr 2 O 4 /CNS-700 and f) CoCr 2 O 4 -700. The dark and light gray arrows in (d) indicate CNS and CoCr 2 O 4  
nanocrystals, respectively.
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 To shed light on the high performance of CoCr 2 O 4 /CNS 
for OERs, fi rst-principles density functional theory (DFT) 
studies with the consideration of spin-polarization are per-
formed. According to the O 1 s  XPS 
spectra (Figure  2 e,f) of CoCr 2 O 4 /CNS-
700 and CoCr 2 O 4 -700, the concentration 
of low-coordinated surface O2 atoms 
is greatly affected by the coupling of 
CoCr 2 O 4  and CNS. As such, the different 
OER performances between CoCr 2 O 4 /
CNS-700 and CoCr 2 O 4 -700 should mainly 
be ascribed to O2 atoms. Herein, the 
atomic CoCr 2 O 4  (111) surface structures 
with or without low-coordinated O2 atoms 
( Figure    4  a,b) are employed to investigate 
the water adsorption properties since 
the water adsorption is an essential pro-
cess for the electrocatalytic OER. [ 16 ]  The 
rationalization of the atomic CoCr 2 O 4  
(111) surface structure can be found in the
Supporting Information (see Figure S7 in

the Supporting Information). Our DFT calculation results 
suggest that the adsorption energy of water on the surface 
with O2 atoms is −0.74 eV, which is 27.0% lower than that on 
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 Figure 4.    Optimized atomic confi gurations of the CrCr 2 O 4  (111) surface a) with and 
b) without low-coordinated surface O2 atoms; and the relevant atomic confi gurations after H 2 O 
adsorption on the CrCr 2 O 4  (111) surface c) with and d) without low-coordinated surface O2
atoms, respectively. Key—medium sized black ball: Co; medium sized white ball: Cr; big sized 
grey ball: O; and small sized white ball: H.

 Figure 3.    a,b) Polarization curves and c,d) Tafel plots of CoCr 2 O 4 /CNS-700, CoCr 2 O 4 -700, and RuO 2  in 0.1 and 1.0  M  KOH electrolyte; e) Nyquist 
plots of CoCr 2 O 4 /CNS-700, CoCr 2 O 4 -700, and RuO 2  at an overpotential of 340 mV in 1.0  M  KOH; f) chronopotentiometric measurement of OER by 
CoCr 2 O 4 /CNS-700, CoCr 2 O 4 -700, and RuO 2  catalyst at a current density of 10 mA cm −2  in 1.0  M  KOH.
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the surface without O2 atoms (−0.54 eV). The lower adsorp-
tion energy means a stronger interaction between water mol-
ecule and the surface with O2 atoms. After the structural 
optimization, the H atoms of water point toward two surface 
O2 atoms with the distances of 2.26 and 2.36 Å, respectively 
(Figure  4 c). Such short distances manifest the formation of 
hydrogen bonding, which can stabilize the adsorbed water 
molecule. However, similar hydrogen bonding cannot be 
formed on the surface without O2 atoms (Figure  4 d). As a 
result, the surface metals associated with surface O2 atoms 
are the active sites, which can promote the interaction 
between water molecule and catalysts, benefi ting the elec-
trocatalytic OERs. Given that the low-coordinated O2 atoms 
can only be largely preserved via the strong coupling of CNS 
in the CoCr 2 O 4 /CNS-700 catalyst (Figure  2 e,f), it explains 
the superior electrocatalytic OER performance of CoCr 2 O 4 /
CNS-700 due to the higher concentration of these catalytic 
active sites.  

 In summary, the strongly coupled CoCr 2 O 4 /CNS nanocom-
posite is concurrently grown by using a facile one-step molten-
salt calcination method. Compared with the pure CoCr 2 O 4 , 
the catalyst coupled with CNS exhibits better electrocatalytic 
activity, good durability, lower overpotential at a current den-
sity of 10 mA cm −2 , and smaller Tafel slope. This is because 
the interaction between CoCr 2 O 4  nanoparticles and CNS can 
increase the electrical conductivities and the concentration 
of catalytic active sites. Moreover, the performance of the 
strongly coupled CoCr 2 O 4 /CNS nanocomposite is even better 
than the benchmark RuO 2  electrocatalyst and other reported 
spinel type binary metal oxide electrocatalysts, which paves 
the way for using earth-abundant electrocatalysts for OERs. 
The synthetic approach used in this work can also be further 
explored to fabricate other metal oxides/carbon nanosheets 
composite via the same one-step concurrent growth manner 
for energy conversion and storage applications.  
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 Supporting Information is available from the Wiley Online Library 
or from the author.  
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Experimental Section 

Chemicals. Cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O; ACS reagent, 98%), n-

Hexane (HPLC grade, 95%), NaOH (reagent grade, 98%) and ruthenium (IV) oxide 

(RuO2; 99.9%) are purchased from Sigma-Aldrich. Chromium (III) nitrate 

nonahydrate (Cr(NO3)3·9H2O; extra pure), sodium oleate (C18H33O2Na or NaOA) and 

sodium sulphate (Na2SO4; AR grade) are purchashed from Scharlau Sciences, TCI Co. 

and Univar respectively. Absolute ethanol is of analytical grade and purchased from 

Chem-Supply. All chemicals are used as received without any further purification. 

Preparation of CoCr2O4/carbon Nanosheet (CoCr2O4/CNS) Composites. In a 

typical synthesis, 3.0 mmol of Co(NO3)2·6H2O (0.87 g) and 6.0 mmol of 

Cr(NO3)3·9H2O (2.40 g) are dissolved in 20 mL of Milli-Q water (18 ), then 24.0 

mmol NaOA (7.31 g) is added to the mixture followed by addition of 30 mL n-hexane 

and 20 mL ethanol. The resulting mixture is refluxed at 70 °C for 30 min with 

continuous stirring. After 30 min, 24.0 mmol NaOH (0.96 g) is added to the above 

mixture and further refluxing is continued for another 3.0 h at 70 °C. The overall 

synthesis could possibly occur through the following chemical reactions:[S1]  

2 C17H33COONa + Co(NO3)2  Co (C17H33COO)2 + 2 NaNO3 (1) 

6 C17H33COONa + 2 Cr(NO3)3  2 Cr (C17H33COO)3 + 6 NaNO3 (2) 

Co (C17H33COO)2 + 2 Cr (C17H33COO)3 + 8 NaOH  CoCr2(OH)x/OA (3) 

Then the mixture is allowed to cool down at room temperature and poured in a 

separatory funnel, where the top organic layer containing the metal hydroxide 

precursors/OA is collected and left in the fume hood to vaporise n-hexane and ethanol. 

The solid mixture left in the beaker and is further dried at 80 °C for overnight. This final 

precursor obtained through two-phase (organic/aqueous) reaction route is used for the 

116



preparation of CoCr2O4/carbon nanosheet (CoCr2O4/CNS) nanocomposites. The X-ray 

diffraction pattern (Figure S1) is measured for CoCr2(OH)x/OA precursor and 

confirmed to be the mixture of Co(OH)2 (JCPDS 74-1057) and CrOOH (JCPDS 74-

2386). The Fourier transform infrared (FTIR) spectra (not shown) also indicate the 

existence of C17H33COO- (OA) groups in the CoCr2(OH)x/OA precursor. 

To prepare the final nanocomposite, 0.3 g of precursor powder is mixed with 6.0 g of 

Na2SO4 (1:20) and grinded finely until it become cement like powder. This mixture is 

then heated at 700 °C at a heating rate of 10 °C min-1 under Ar atmosphere and hold the 

temperature for 3 h in a tubular furnace. Then the material is allowed to cool down at 

room temperature and washed with copious water through centrifugation at 14500 rpm 

for at least five times followed by washing with absolute ethanol. Finally, the black 

powder is dried at 60 °C for 24 h. The prepared samples are denoted by CoCr2O4/CNS-

700, where CNS is for carbon nanosheet, and 700 stands for the calcination temperature. 

Pure CoCr2O4 (denoted as CoCr2O4-700) is also prepared using the similar experimental 

route at 700 °C without any carbon source (OA). For comparison purpose, pristine 

carbon nanosheets (CNS-700) are also fabricated under the similar experimental 

condition using only carbon source (Figure S5). 

Physical-chemical Characterizations. Scanning electron microscope (SEM, JSM-

7001F), transmission electron microscope (TEM, Philips F20), and X-ray diffraction 

(XRD, Bruker D8 Advance diffractometer, equipped with a graphite monochromator) 

are employed for characterizing the sample crystal structures. Chemical composition of 

the samples are analyzed by X-ray photoelectron spectroscopy (XPS, Kratos Axis 

ULTRA incorporating a 165 mm hemispherical electron energy analyser). All binding 

energies are carefully aligned by reference to the C 1s peak (284.6 eV) arising from 
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surface hydrocarbon or adventitious hydrocarbon. Raman spectra are collected with a 

Renishaw 100 system Raman spectrometer using 632.8 nm He-Ne laser.  

Electrochemical Characterizations. At first, 4.0 mg of the catalyst is dispersed in 

1000 L of solvent mixture of Nafion (5%), absolute ethanol and Milli-Q water 

maintaining the volume ratio of 1:1:8 by at least 30 min of continuous sonication to 

form homogeneous ink. Prior to measurements, rotating disk electrode (RDE; GCE, 5.0 

mm in diameter, Pine Instrument) is polished with 0.3 m alumina suspension, and then 

rinsed adequately by tape water stream to remove any residue. The clean RDE is then 

dried in a N2 stream for the immobilization of the catalysts. Then 12.0 L of the catalyst 

ink (containing 48 g of catalyst) is drop casted (loading 0.24 mg cm-2) on the cleaned 

RDE and dried in air at room temperature. Electrochemical studies are conducted in a 

standard three-electrode system, where catalyst ink is casted on RDE as the working 

electrode, an Hg/HgO is the reference electrode (1.0 M NaOH) and a platinum mesh 

acts as the counter electrode. The data are recorded using a computer-controlled 

potentiostat (CHI 760D, CH Instruments, USA). For the oxygen evolution reaction 

(OER) test, the current density is normalized to the geometric surface area (0.196 cm2) 

and the measured potentials vs. Hg/HgO are converted to a reversible hydrogen 

electrode (RHE) scale according to the Nernst equation: 

098.0059.0/ pHEE HgOHgRHE .....…………………………………...………...(4) 

Continuous O2 flow is maintained over the electrolyte (0.1 M or 1.0 M KOH) to 

ensure the O2/H2O equilibrium at 1.23 V vs. RHE scale. The dynamic linear sweep 

voltammetry (LSV) is carried out at a scan rate of 5 mV s-1 for the measurement of 

polarization curves. The working electrodes are scanned for several times until a stable 

polarization curve is achieved. All polarization curves are corrected with 95% iR- 
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compensation. The Tafel slopes are calculated according to the Tafel equation as 

follows: 

0

log
J
Jb .................................................................................................................(5)

where  defines the overpotential; b , J and Jo denote the Tafel slop, current density, and 

exchange current density respectively. The overpotential is calculated using the 

following equation: 

23.1RHEE ……………………………………………..........………………….....(6) 

Chronopotentiometry is carried out under a constant current density of 10 mA cm-2. 

All experiments are carried out with continuous rotation of the working electrode at 

1600 rpm to get rid of the oxygen bubbles produced during OER measurements. AC 

impedance measurements are conducted under the same experimental configuration 

when the working electrode potential is set at an overpotential of 340 mV from 

frequencies ranging from 105 to 0.1 Hz and the amplitude of the applied potential is 5 

mV. The mass activity (A g-1) values are calculated from the catalyst loading m (0.24 

mg cm-2) and the measured current density J (mA cm-2) at  = 326 mV or 365 mV, 

utilizing the following equation [S2]: 

m
JtyMassActivi …………………………………………………..........……………(7) 

The turnover frequency (TOF) calculation of the catalysts has done using the following 

equation [S3]: 

nF
AJTOF

4
………………………………………………………..........………(8) 

J (A cm-2) is the measured current density at  = 326 mV or 365 mV; A (0.196 cm2) is 

the area of RDE; F (96485.3 C mol-1) is Faraday’s constant and n is the number of 
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moles of the active materials. TOF values are calculated assuming all metals are active 

during OER catalysis.  For a meaningful comparison, commercial RuO2 powder is used 

as a benchmark catalyst for OER measurement and followed the same procedure as 

mentioned above. In addition, CNS-700 sample is also tested to understand any carbon 

corrosion current contribution to the nanocomposite’s OER current response (Figure 

S6). 

Computational Details. All spin-polarized DFT computations are performed using the 

Vienna ab initio simulation package (VASP) based on the projector augmented wave 

(PAW) method.[S4, 5] Electron-ion interactions are described using standard PAW 

potentials, with valence configurations of 2s22p63s23d7 for Co, 2s22p63s23d4 for Cr, 

2s22p4 for O, and 1s1 for H. A plane-wave basis set is employed to expand the smooth 

part of wave functions with a cut-off kinetic energy of 520 eV. For the electron-electron 

exchange and correlation interactions, the functional parameterized by Perdew-Burke-

Ernzerhhof (PBE),[S6] a form of the general gradient approximation (GGA), is used 

throughout. Due to insufficient consideration of the on-site Columbic repulsion, 

between the Co or Cr d electrons, DFT might fail to describe the electronic structure of 

our CoCr2O4. To overcome this shortcoming, the GGA+U approach is used with U-J = 

4.0, and 4.5 eV for the Co and Cr atoms, respectively.  

Since both XRD and HRTEM images demonstrate that the (111) plane of CoCr2O4 

catalysts is the mostly exposed facet, the adsorption properties of water on the (111) 

surface is computational studied to understand the interaction between water and 

catalysts. The surface Co atom is selected as the adsorption sites because they have the 

lowest coordination number among all surface metal atoms. Generally, the lower-

coordinated metal atoms are more reactive for adsorption. The surface exposed by an O 

layer represents the surface with low-coordinated O2 atoms. On the other hand, the  
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surface exposed by metals are used to simulate the surface without low-coordinated O2 

atoms. To study the adsorption energy of water on the surface, the CoCr2O4 (111) 

surface is modeled with four metal layers. A sufficiently large vacuum region of 20 Å is 

used to ensure the periodic images to be well separated. During the geometry 

optimizations, the bottom two layers are fixed at the bulk position when the surface 

properties are calculated. In this work, the Brillouin-zone integrations are conducted 

using Monkhorst-Pack grids of special points. A (4 × 4 × 1) k-point grid is used for the 

(1 × 1) surface cell. The properties of water molecules are calculated in a 20 × 20 × 20 

Å3 box. The Brillouin-zone integrations are performed using the Gamma-point only grid. 

The convergence criterion for the electronic self-consistent loop is set to 10-4 eV. And 

the atomic structures are optimized until the residual forces are below 0.01 eV/Å. 

To construct the atomic model of the CoCr2O4 (111) surface, there are two ways to 

truncate the bulk. One model has exposed O and Cr atoms in the surface (Figure S7a); 

and another model includes O, Cr and Co atoms in surface (Figure 4a). To find the 

active catalytic sites on the surface, we have calculated the water adsorption energy on 

O (Figure S7c), Cr (Figure S7d) with the O vacancy (see Figure S7b), and Co (Figure 

4c). The adsorption energy is -0.25 eV, -3.12 eV, and -0.74 eV on the O, Cr and Co 

sites, respectively. The adsorption of water on the O site is too weak for the OER. On 

the other hand, the adsorption of water on the Cr site is too strong. As a result, surface 

Co cations can act as a catalytic site for the OER. In this regard, only the theoretical 

results based on the atomic model with Co active sites are shown in the manuscript.  
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Figure S1 XRD pattern of as synthesized precursor containing the mixture of Co(OH)2 

and CrOOH /oleate (CoCr2(OH)x/OA). 

Figure S2  Survey XPS spectrum of CoCr2O4/CNS-700 nanocomposite. 

Figure S3 Co 2p core level spectra for CoCr2O4/CNS-700 and CoCr2O4-700.   
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Figure S4 Cr 2p core level spectra for CoCr2O4/CNS-700 and CoCr2O4-700.   

Figure S5 Surface morphology of carbon nanosheets (CNS) prepared at 700 ºC under 

the same experimental condition employed for nanocomposite fabrication. Inset shows 

the thickness of CNS.  

The SEM image shows the nanosheet structure of CNS-700 with many wrinkles on 

the sureface, meaning very think carbon sheet. The lateral demension of CNS is about 

several micrometer with the thickness of ~10 nm. 

Cr 2p

2p1/2

2p3/2

In
te

ns
ity

 (a
.u

.)

CoCr2O4/CNS-700

Cr3+

591 588 585 582 579 576 573

Cr 2p

2p1/2

2p3/2

Binding energy (eV)

CoCr2O4-700

2 m

50 nm

123



Figure S6 Polarization curves of CNS-700 in (a) 0.1 and (b) 1.0 M KOH electrolyte. 

The linear sweep voltammetry (LSV) curves obtained for CNS-700 electrode at a 

scan rate of 5 mV s-1 in 0.1 and 1.0 M KOH show an onset potential of ~1.65 V (vs. 

RHE) with a little currnet at higher applied potential, meaning poor catalytic activity. 

This onset potential is ~180 mV higher than that for CoCr2O4/CNS-700 electrode (1.47 

V vs. RHE). Such a large potential window facilitates to avoid the interference of 

carbon corrosion current with our catalyst’s OER current.  

Figure S7 Optimized atomic configurations of the CrCr2O4 (111) surface exposed by O 

and Cr (a) without and (b) with O vacancies; and the relevant atomic configurations 

after H2O adsorption on the CrCr2O4 (111) surface exposed by O and Cr (c) without and 

(d) with O vacancies, respectively. Key: blue-Co, Cyan-Cr, red-O, yellow-O vacancy

and light pink-H. 
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Table S1 A partial literature review on the OER performance of binary metal oxide 

catalystsa). 

Catalysts Overpotential 
@10 mA cm-2 (mV 

vs. RHE) 

Tafel slop 
(mV dec-1) 

Mass 
loading 

(mg cm-2) 

Electrolyte Substrate Ref. 

CoMoO4 312 56 0.289 1.0 M KOH GCE [S7]

ZnxCo3-xO4 320 51 ~1.0 1.0 M KOH Ti foil [S8]

NiCo2O4 320 63.1 - 1.0 M NaOH Carbon cloth [S9]

NiCo2O4 320 30 0.29 1.0 M KOH GCE [S10]

CoCr2O4/CNS 326 51.0 0.24 1.0 M KOH GCE This work 

NiCo2O4 340 75 ~0.25 0.1 M KOH GCE [S11]

NixCo3-xO4 340 65-74 - 1.0 M KOH Ni foam [S12]

NiCo2O4 350 74.0 - 0.1 M KOH Carbon cloth [S9]

CoCr2O4/CNS 365 58.2 0.24 0.1 M KOH GCE This work 

NixCo3-xO4 370 59-64 2.3-2.7 1.0 M NaOH Ti foil [S13]

ZnCo2O4 390 76 - 1.0 M KOH Pt [S14]

NiCo2O4 ~398 - - 0.1 M KOH GCE [S15]

CoFe2O4/C 400 - 0.50 0.1 M KOH GCE [S16]

NiCo2O4/C 430@5 mA cm-2 - 0.10 0.23 0.1 M KOH Graphite rod [S17]

CoFe2O4 ~450 - 0.40 0.1 M KOH GCE [S18]

CoFe2O4/G 460 - ~1.0 0.1 M KOH GCE [S19]

MnCo2O4 ~470 - 0.4 0.1 M KOH GCE [S20]

NiCo2O4/G ~472 164 ~0.40 0.1 M KOH GCE [S21]

FeCo2O4/G ~498 62 0.196 0.1 M KOH GCE [S22]

MnCo2O4@PPY ~480 - 0.4 0.1 M KOH GCE [S23]

Mn0.2Cr0.8O1.5 ~640 ~436 1.0 0.1 M KOH Ti foil [S24]

NiCo2O4 717@100 mA cm-2 68.49 2.0 0.1 M KOH Ti [S25]

a) The table is constructed by the column of the overpotential required to reach the current density of 10 mA cm-2 (unless othewise 
mentioned) in a descending order. 
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Table S2 Comparison of OER electrocatalytic activity of different electrocatalysts in 

0.1 and 1.0 M KOH electrolyte. 

Electrochemical 
parameters 

0.1 M KOHa) 1.0 M KOHa) 
CoCr2O4/CNS-

700 
CoCr2O4-

700 RuO2 
CoCr2O4/CNS-

700 CoCr2O4-700 RuO2 

@10 mA cm-2 
(mV) 365 - 374 326 422 336 

Mass activity 
(A g-1) 53.41 6.07 37.45 53.41 8.33 41.54 

Tafel slope 
(mV dec-1) 58.2 79.9 65.0 51.0 63.3 52.9 

TOF 
(s-1)b) 0.03141c) 0.00357 0.01292 0.03141c) 0.00490 0.01432 

a)The values are calculated at their corresponding  @ 10 mA cm-2; b)The values are calculated by presuming that all metal atoms are 
involved in the catalysis; c)The values are calculated based on the amount of CoCr2O4 (78.0 wt%); 
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The surface sulfur doping induced enhanced
performance of cobalt catalysts in oxygen
evolution reactions†
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Huijun Zhao*ac

A novel surface sulfur (S) doped cobalt (Co) catalyst for the oxygen

evolution reaction (OER) is theoretically designed through the

optimisation of the electronic structure of highly reactive surface

atoms which is also validated by electrocatalytic OER experiments.

Recently, the electrocatalytic oxygen evolution reaction (OER)
has attracted great attention since it is an important pathway to
generate molecular oxygen for many energy conversion and
storage applications, such as hydrogen generation via water
hydrolysis and rechargeable metal–air batteries.1 Since cobalt
(Co)-based materials have been widely explored in many electro-
catalytic processes due to their intrinsic electronic properties
and earth-abundance2 the Co-based catalysts have been investi-
gated as a promising candidate for OERs.3 The good perfor-
mance of Co nanoparticles (NPs) in OERs has been reported by
Wu et al.4 However, the multistep preparation method is
relatively complex and requires reductive annealing during
the synthesis of Co NPs. In addition, Co catalysts have been
oxidised before the water oxidation takes place. Thus, the real
active composition for the catalytic OER process is unclear.
Furthermore, the stability of this catalyst is relatively low and
the performance drops 13% after 1 hour of electrocatalysis.4

Up to this point, the synthesis of stable Co catalysts through a
facile approach becomes attractive for OERs.

First, we need to understand the performance of Co catalysts
in OERs. Generally, the performance of catalysts is determined
by several key parameters, such as the reactivity of catalysts.
To understand the reactivity of metallic Co catalysts for OERs,
first-principles density functional theory (DFT) calculations are

conducted to investigate the Gibbs free energy (DG) of four
primitive steps of the OER process: adsorption (DG1), dissocia-
tion (DG2 and DG3) and desorption (DG4) by the method
proposed by Nørskov et al.,5 which are shown in Fig. 1a. The
adsorption of three important intermediates: *O, *OH and
*OOH on the Co(111) surface are investigated with the con-
sideration of spin-polarisation and ferromagnetic structures
(see Fig. 1b). It is found that the energy barrier (DG3) for the
formation of *OOH (3.45 eV) is about 3 times higher than
the optimal value (1.23 eV from experiments, and 1.25 eV from
theoretical results). This large DG3 value is ascribed to the
strong binding between *O and the catalyst surface. And the
strong adsorption of *O is originated from the high reactivity of

Fig. 1 (a) Primitive steps of the OER process on the Co(111) surface. Colour
scheme for chemical representation: grey for Co, red for O and light pink for
H; (b) standard Gibbs free energy diagramof theOER process on the Co(111)
surface; (c) PDOS of Co 4s states on the Co(111) surface before (black
dotted line) and after (red line) S-doping; and (d) standard Gibbs free energy
diagram of the OER process on the S-doped Co(111) surface.
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surface Co atoms. Thus, reducing the reactivity of the surface
atoms is required to optimise the OER performance of Co metal
based catalysts.

Previous studies have demonstrated that the reactivity is in
principle governed by the electronic structures of the catalysts.6

To this end, novel catalysts can be molecularly designed by
engineering their electronic structures. One doable way to manip-
ulate the electronic structures of metal surface atoms is through
the introduction of modifiers onto the top surface.7 In the
petrochemical industry, sulfur (S) has been criticised to irreversibly
poison the transition metal catalysts by reducing the reactivity of
surface atoms.8 In this regard, S can be introduced here to reduce
the reactivity of metallic Co catalysts. Herein, our DFT calculations
demonstrate that the electronic structures of metallic Co catalysts
can be changed through surface S-doping to improve their catalytic
performance in OERs, which is further validated by our electro-
catalytic OER experiments.

The effects of adsorbed S atoms on the electronic properties
of the Co(111) surface are first studied through the analysis of
the partial density of states (PDOS) of surface Co 4s states based
on the DFT results at the generalised gradient approximation
(GGA) level (see Fig. 1c). Co 4s states are focused since 4s is the
outermost valence orbital of Co atoms, which largely deter-
mines their reactivity. The major spin components of all Co
atoms are kept in the same direction since it is the most stable
magnetic structure based on our calculations; and the coverage
of S (y, which is defined as the ratio between the adsorbed S
and the surface Co atoms) is 0.5. It can be found that the peaks
of Co 4s states around the Fermi energy level becomes lower
and wider after the adsorption of S atoms. Since the sharp
peaks around the Fermi energy mean the atoms are more
reactive,9 the change of PDOS of surface Co 4s states suggests
that the reactivity of Co surface atoms can be reduced by
S-doping, which may benefit the optimisation of adsorption–
desorption energies of the intermediates of OERs. In addition,
the adsorption energies of *O are �2.53 and �0.54 eV on the
Co(111) surface without and with S-doping, respectively,
whereas the negative values imply the exothermic nature of
the adsorption process. The significantly increased adsorption
energy further supports the dramatic reduction of the reactivity
of surface Co atoms via S-doping.

Employing the same method proposed by Nørskov et al.,5

the Gibbs free energies of four primary steps of electrocatalytic
OERs on the S-doped surface are calculated. The Gibbs free
energy diagrams at various stages of the OER process are shown
in Fig. 1b and d. After S-doping, the DG1 value increases by
about 12 times. The increased DG1 value is also ascribed to the
weak adsorption of *OH, which is caused by the reduced
reactivity of surface Co atoms by S-doping. Moreover, the weak
adsorption of *O leads to the formation of *OOH on the surface
becomes much easier. As a result, the DG3 value decreases by
39% after S-doping. The theoretical overpotential can be calcu-
lated by the division between the maximum difference of DGn

(n = 1–4) and the optimal value (1.25 eV from the theoretical
calculations) and electron charge. It can be found that the
theoretical overpotential can be changed from 2.20 V to 0.86 V

after S-doping based on the Gibbs free energy diagram
(Fig. 1b and d).

Inspired by the theoretical prediction, the surface S-doped
Co nanoparticles (S-Co NPs) supported on the carbon nanosheet
(S-Co/CNS) is synthesised through a one-step molten-salt calcina-
tion of the Co(OH)2/OA precursor (see the Experimental section
for details, ESI†) at 500 1C in a tubular furnace under Ar protec-
tion. For a meaningful comparison, pure Co NPs on CNS (denoted
as Co/CNS) was also prepared.

The X-ray diffraction (XRD) patterns of Co/CNS and S-Co/CNS
in Fig. 2a display three peaks at 44.2, 51.5 and 75.81, corres-
ponding to (111), (200) and (220) planes of the face-centered cubic
(fcc) metallic Co crystal structure (JCPDS 15-0806). Apparently,
similar XRD patterns suggest that the bulk crystalline structures
of the both catalysts are metallic Co. Raman spectroscopic
measurements of Co/CNS and S-Co/CNS samples further con-
firm the formation of metallic Co NPs on the CNS with the
characteristic peaks at 189.6, 467.5, 504.4 and 668.6 cm�1 for Co
NPs along with the D and G bands at 1346.3 and 1589.8 cm�1 for
distorted graphitic carbon (Fig. 2b).10

The SEM images (Fig. 2c) of S-Co/CNS show the surface
microstructures of the prepared sample composed of S-Co
NPs with a CNS thickness of B50 nm (Fig. 2c, inset). As shown,
the S-Co NPs having sizes from 30 to 40 nm are uniformly
distributed on the CNS (Fig. 2c) and these S-Co NPs connected
closely with CNS might improve the overall conductivity of the
catalyst when used as an electrocatalyst for OER. The S-Co NPs
can be clearly distinguished in Fig. 2d, which indicates a
negligible aggregation of NPs at this elevated temperature
(500 1C). The high-resolution TEM (HRTEM) technique is also
employed to observe the lattice spacing of 0.21 nm, which
demonstrates that the mostly exposed facet of Co NPs is the
(111) plane (Fig. 2d, bottom left).

Fig. 3a and b display the bright- and dark-field TEM images
of the as synthesised S-Co/CNS sample where S-Co NPs can be

Fig. 2 (a) XRD pattern and (b) Raman spectra of Co/CNS and S-Co/CNS
samples; (c) SEM and (d) TEM images of the S-Co/CNS sample. Insets of (c)
and (d) (bottom left) show the high magnification SEM and local HRTEM
images, respectively. Yellow and red arrows in (d) indicate the S-Co NPs
and CNS, respectively.
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identified on CNS. Meanwhile, the energy dispersive X-ray
spectroscopy (EDS) mapping is conducted to visualise the
elemental distribution throughout the catalyst. As shown in
Fig. 3c, the NPs are composed of Co and S where the CNS acts as
a supporting conducting substrate. Interestingly, the elemental S
can only be detected on the Co species and no S is observed on
the carbon. It indicates that the S can only interact with Cometal
as evidenced by the XPS study (Fig. 3d and e). On the basis of
the aforementioned characterisations, we can demonstrate that
S has been successfully doped on the Co NP surface in the
S-Co/CNS sample without changing the bulk crystalline structure
of Co NPs. For comparison purpose, EDS mapping is also
conducted for the Co/CNS sample and no S is detected on the
Co NP surface (Fig. S3, ESI†).

To investigate the surface S-doping mechanism, a mass
spectrometer (MS) is employed to monitor the real time emitted
gases (H2O, CO, H2S and CO2) during the calcination of the
Co(OH)2/OA precursor. (Fig. S4, ESI†). The initial thermal
decomposition (200–300 1C) of the Co(OH)2/OA precursor pro-
duces cobalt oxide (Fig. S5, ESI†), carbon and water vapour as
by-products. Thereafter, the simultaneous carbothermal
reduction (300–500 1C) of both Na2SO4 and cobalt oxide might
result in the formation of Na2S and the Co metal. In addition,
the hydrolysis of Na2S can generate H2S gas, which selectively
sulfurises the metallic Co NPs surface to form S-Co/CNS catalyst
(see the chemical reactions, ESI†).

To understand the surface properties of S-Co/CNS catalysts,
X-ray photoelectron spectroscopy (XPS) measurements are con-
ducted. The comparative surface survey spectra of Co/CNS and
S-Co/CNS (Fig. 3d) demonstrate the presence of common ele-
ments such as Co, C and O in both samples, whereas S can only
be detected in the S-Co/CNS sample. The surface elemental
contents of the S-Co/CNS sample are Co 4.06%, S 1.98%, C
47.99% and O 45.98%, which means the surface coverage of S is
B0.50 on the Co(111) surface. Thus, we can use the experimental

data to validate the theoretical results since they are obtained
under similar conditions. As shown in Fig. 3e, the Co 2p3/2 and
2p1/2 doublet peaked at 778.8 and 793.8 eV with the split spin–
orbit ofB15 eV confirms the dominant Co0 states in the Co/CNS
sample.11 On the other hand, the Co 2p doublet peaks are found
to be slightly shifted to a higher binding energy and located at
779.9 and 795.6 eV with a split spin–orbit of B15.7 eV for the
S-Co/CNS sample, indicating the presence of oxidised states of Co
atoms after S-doping, which is consistent with the literature.12

Therefore, the oxidised Co species in the S-Co/CNS sample are
presumed to be covalently bonded with the host S atoms derived
from the H2S gas evolved during the calcination. The Co–S bond
formation is further demonstrated from the observed S 2p3/2 peak
located at 162.4 eV (S2� species) and 163.6 eV (Sn

2� species) in the
S-Co/CNS sample (Fig. 3f).7d In this regard, the adsorption of S can
significantly change the electronic properties of surface Co atoms,
which is in agreement with the conclusions drawn from the
theoretical PDOS analysis (see Fig. 1c).

The electrocatalytic OER performance of S-Co/CNS and other
control samples including Co/CNS and benchmark RuO2 cata-
lysts are evaluated in alkaline solution (1.0 M KOH) using
a standard three electrode system (see the Characterisation
Section, ESI†). As displayed in Fig. 4a, the S-Co/CNS electrode
displays the earliest onset potential of E1.46 V (vs. RHE) out of
all catalysts studied in this work. Remarkably, the overpotential
required to reach the current density of 10 mA cm�2 is 320 mV
for the S-Co/CNS electrode, which is 134 mV and 15 mV lower
than those of Co/CNS and RuO2, respectively. The earliest onset

Fig. 3 (a) Bright-field, (b) dark-field TEM and (c) Co, S and C elemental
distribution mapping of the S-Co/CNS sample; (d) survey, (e) high resolu-
tion Co 2p XPS spectra of Co/CNS and S-Co/CNS samples; and (f) S 2p
spectrum of the S-Co/CNS sample.

Fig. 4 (a) Polarisation curves, (b) Tafel plots and (c) Nyquist plots of
Co/CNS, S-Co/CNS and RuO2 electrocatalysts; (d) cyclic voltammograms
of the S-Co/CNs electrocatalyst at scan rates from 20 to 180 mV s�1; (e)
plots of current densities at 1.275 V vs. scan rates of Co/CNS, S-Co/CNS
and RuO2 electrocatalysts; (f) chronopotentiometric (CP) and chrono-
amperometric (CA) plots of the S-Co/CNS electrocatalyst.
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potential and lowest overpotential suggest that the intrinsic
catalytic ability of S-Co/CNS has been greatly improved after
S-doping, which therefore validates the theoretical prediction.

To evaluate the OER kinetics, Tafel plots are constructed and
shown in Fig. 4b. It can be seen that the S-Co/CNS exhibits
superior OER kinetics as evidenced by its small Tafel slope
of 52.3 mV dec�1, which is much lower than that of Co/CNS
(75.9 mV dec�1) and even slightly smaller than that of RuO2

(52.9 mV dec�1). To explain such superior kinetics of S-Co/CNS,
the electrochemical impedance spectroscopy (EIS) is employed
to examine the charge transfer process of the catalysts. As
shown in Fig. 4c, the charge transfer resistance (Rct) of S-Co/CNS
(14.1 O) is much smaller than that of Co/CNS (56.6 O) and merely
similar to that of RuO2 (14.2 O), consistent with the Tafel measure-
ments. The electrochemical double-layer capacitance (Cdl) values
of the electrocatalysts are also measured under the non-Faradic
potential window and are presented in Fig. 4e. The resulting Cdl

value of S-Co/CNS is 27.2 mF cm�2, whereas the Cdl values of
Co/CNS and RuO2 are calculated to be only 2.1 and 9.9 mF cm�2,
respectively. The highest Cdl value of the S-Co/CNS electrocatalyst
indicates the larger amount of charged species at the liquid/solid
interface as confirmed by XPS analysis.13,14 These accumulated
charges on the catalyst surface might be also beneficial for the
optimisation of the desorption energy for the electrocatalytic
product (O2) and thereby superior OER catalytic performance.
As a result, the overpotential from the experiments is better
than that of the theoretical values since they are obtained based
on the oversimplified atomistic models.

Besides the thermodynamic and kinetic properties, the
electrocatalytic stability is also important for their overall
performance. As displayed in Fig. 4f, the chronopotentiometric
(CP) and chronoamperometric (CA) plots of S-Co/CNS show
impressive durability in the 1.0 M KOH electrolyte. The
potential remains E1.56 V at 10 mA cm�2 for 12 h in the CP
test, while the current density keeps close to E10 mA cm�2 at
1.56 V for the entire testing duration in the CA test.

In summary, our DFT results predict that the surface
S-doping can significantly improve the OER performance of
Co catalysts. Accordingly, our experiments confirm that the
S-Co/CNS catalyst possesses excellent electrocatalytic properties
for OER. Our results may illustrate a new paradigm for the
development of advanced electrocatalysts for energy conversion
and storage applications.

This work was financially supported by Australian Research
Council (ARC) Discovery Project and the National Natural Science
Foundation of China (Grant No. 51372248 and 51432009). All the

DFT calculations were conducted in the National Computational
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I. Computational and Experimental Details

DFT Calculations 

All spin-polarised density-functional theory (DFT) computations are performed using 

the Vienna ab initio simulation package (VASP) based on the projector augmented 

wave (PAW) method.1 Electron-ion interactions are described using standard PAW 

potentials, with the valence configurations of 2s22p63s23d7 for Co, 3s23p4 for S, 2s22p4 

for O, and 1s1 for H. A plane-wave basis set is employed to expand the smooth part of 

wave functions with a cut-off kinetic energy of 520 eV. For the electron-electron 

exchange and correlation interactions, the functional parameterised by Perdew-Burke-

Ernzerhhof (PBE),2 a form of the general gradient approximation (GGA), is used 

throughout.  

To study the mechanistic chemistry of surface reactions, the surface is modeled 

with four atomic layers separated a sufficiently large vacuum region of 20 Å to ensure 

the periodic images to be well separated. Based on X-ray diffraction (XRD) patterns and 

HRTEM images, we concluded that the (111) plane of the Co nanoparticles (NPs) is the 

most exposed surface to the solution. Thus, the Co (111) surface slab models are used to 

study the interaction between adsorbates and catalysts. To keep the spin component of 

Co atoms in the same direction, a relatively large number (32) of electrons in up and 

down spin component is set for the initial optimisation of geometric and electronic 

structures to get the corresponding charge density and wave functions. After that, the 

restricted number of electrons in different spin components will be removed during the 

optimisation of geometric and structural structures. Based on our calculation, the 

magnetic moment of each Co atom are 1.62 and 1.68 B in the bulk and bare Co (111) 

surface, respectively, which are close to the other theoretical results.3 
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During the geometry optimisations, the bottom two atomic layers are fixed at the 

bulk position when the surface properties are calculated. In this work, the Brillouin-

zone integrations are conducted using Monkhorst-Pack grids of special points. A (6 × 6 

× 1) k-point grid is used for the (2 × 2) surface cell. The H2 and O2 molecules are 

calculated in a 20 × 20 × 20 Å3 box. The Brillouin-zone integrations are performed 

using the Gamma-point only grid. The convergence criterion for the electronic self-

consistent loop is set to 10-4 eV. And the atomic structures are optimised until the 

residual forces are below 0.01 eV Å-1. The adsorption energy of *O on the surface is 

calculated according to the broadly used equation: 

∆𝑬𝒂𝒅 = 𝑬𝒕𝒐𝒕 − 𝑬𝒔𝒖𝒓𝒇 −
𝟏

𝟐
𝑬𝑶𝟐 

Where Etot is the total energy of surface with the surface intermediate *O; Esurf 

is the energy of bare surface; and EO2 is the energy of an isolated O2 molecule. 

Chemicals 

Cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O; ACS reagent, ≥98%), n-Hexane 

(HPLC grade, ≥95%), potassium hydroxide (KOH; ≥99.9%)) and ruthenium (IV) oxide 

(RuO2; ≥99.9%) are purchased from Sigma-Aldrich. Sodium oleate (C18H33O2Na or 

NaOA) and sodium sulfate (Na2SO4; AR grade) are purchased from TCI Co. and Univar 

respectively. Absolute ethanol is of analytical grade and purchased from Chem-Supply. 

All chemicals are used as received without any further purification. 

Preparation of S-Co/CNS and Co/CNS Catalysts 

In a typical synthesis method, 3.0 mmol of Co(NO3)2·6H2O is dissolved in 20 mL of 

Milli-Q water (18 Ω), then 6 mmol of NaOA is added to the mixture; 30 mL n-hexane

and 20 mL ethanol are further added to the above mixture. The resulting suspension 

mixture is refluxed at 70 °C for 30 min with continuous stirring. After 30 min, 6 mmol 

of KOH is added and further refluxing is continued for another 3 h at 70 °C. Then, the  
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suspension is allowed to cool down at room temperature and poured into a separatory 

funnel. The bottom aqueous layer containing unreacted metal ions and oleate (OA) is 

drained off; and the light organic top layer containing Co(OH)2/OA is collected in a 

beaker. This solid mixture is dried at 80 °C to prepare the final precursor which mainly 

contains Co(OH)2 (Fig. S1) and OA (Fig. S2). The obtained greenish colored solid is 

mixed with Na2SO4 maintaining the weight ratio of 1: 20 and finely grounded. This 

finely grounded powder is calcinated at 500 °C at a heating rate of 10 °C min-1 under 

continuous Ar flow and hold for 3 h in a tubular furnace. After that, the material is 

allowed to cool down at room temperature and washed with copious water by 

centrifugation at 12000 rpm for at least five times followed by absolute ethanol. At the 

final step, the black powder is dried at 60 °C for 24 h and named as S-Co/CNS. Pure 

cobalt nanoparticles (NPs) supported on carbon nanosheet (Co/CNS) is also prepared 

using the similar procedure without any sulfur source (Na2SO4). 

Characterisations 

Scanning electron microscope (SEM, JSM-7001F), transmission electron microscope 

(TEM, Philips F20), and X-ray diffraction (XRD, Bruker D8 Advance diffractometer, 

equipped with a graphite monochromator) techniques are employed for characterising 

the sample crystal structures. The chemical compositions of the samples are analysed by 

X-ray photoelectron spectroscopy (XPS, Kratos Axis ULTRA incorporating a 165 mm

hemispherical electron energy analyzer). Raman spectra are collected with a Renishaw 

100 system Raman spectrometer using 632.8 nm He-Ne laser. The real-time gases 

(H2O, CO, H2S and CO2) produced during the calcination is monitored by an online 

mass spectrometer (MS, OmniStar GSD 320) connected with a tubular furnace. The 

total amount of Co contents (wt%) in both S-Co/CNS and Co/CNS samples are 

estimated to be 38.9 and 39.1% by inductively coupled plasma emission spectroscopic 

(ICP-OES, Agilent 710) technique. Fourier transform infrared spectroscopy (FTIR) 
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analysis of the samples are carried out using Perkin Elmer spectrum 1000 FTIR 

spectrometer with KBr as reference matrix. 

To examine the OER catalytic performance, a homogeneous ink is first prepared 

by adding 4.0 mg of catalyst in 1000 µL of solvent mixture of Nafion (5%), absolute 

ethanol and Mili-Q water maintaining the volume ratio of 1:1:8 followed by continuous 

ultra-sonication for at least 1 h. Then 12.0 µL (loading of 0.24 mg cm-2) of catalyst ink 

is drop casted on the clean rotating disk electrode (RDE) and dried in air at room 

temperature. The OER activities are measured in a standard three electrodes system, 

where the catalyst loaded RDE, an Hg/HgO (1.0 M NaOH) electrode and platinum 

mesh act as working, reference and counter electrode respectively. The electrochemical 

responses are recorded using a computer-controlled potentiostat (CHI 760D, CH 

Instrument, USA) and the current density is normalised to the geometric surface area of 

RDE (0.196 cm2). All potentials displayed in this work are converted to the reversible 

hydrogen electrode (RHE) scale using the equation ERHE = EHg/HgO + 0.059 × pH + 

0.098, where pH = 14 in 1.0 M KOH electrolyte. The polarisation curves are corrected 

with 95% iR-compensation. AC impedance measurements are carried out under the 

same experimental configuration at overpotential of 340 mV from the frequencies 

ranging from 105 to 10-1 Hz with the applied potential amplitude of 5 mV. The 

chronopotentiometric (CP) and chronoamperometric (CA) stability are tested at the 

current density of 10 mA cm-2 and 1.56 V (vs. RHE) respectively for 12 h. 
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II. Supporting Figures

Fig. S1 XRD pattern of as synthesised precursor as Co(OH)2/OA used for the 

preparation of Co/CNS and S-Co/CNS catalysts. 
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Fig. S2 FTIR spectra of Co(OH)2/OA precursor. Pure sodium oleate (OA) is taken into 

account for comparison purpose. 

In the FTIR spectra of Co(OH)2/OA, the peak located at 3631 and 489 cm-1 can be 

assigned as the characteristic non-hydrogen bonds (O-H) stretching vibration and Co-O 

bending vibrations in Co(OH)2.
4  On the other hand, the peak intensity drops at the 

position 1557 cm-1 compared to pure OA indicates the formation of cobalt-oleate 

complex.5 Also, the peak at 3007 cm-1 related to vinyl C-H stretching further confirms 

the successful preparation of Co(OH)2/OA precursor. 
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Fig. S3 (a) Dark-field SEM, (b) carbon, (c) cobalt and (d) overlay elemental mapping 

image of Co/CNS sample. 

(a) (b) 

(c) (d) 
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Fig. S4 MS responses during the calcination of Co(OH)2/OA precursor from 100 to 600 

°C under Ar protection. The production of various gases (H2O, CO, H2S and CO2) is 

monitored by an online MS spectrometer. 

Based on the detected gas during calcination, the formation of S-Co/CNS can be 

proposed through the following reactions which are merely consistent with the literature 

elsewhere.6 

Na-OA + Co(NO3)2·6H2O →   Co(OA)2 + NaNO3 + H2O    (1) 

Co(OA)2 + KOH →   Co(OH)2/OA   (2) 

Co(OH)2/OA →   CoO + H2O + C   (3) 

C + Na2SO4 →   Na2S + CO +CO2 (4) 

Na2S + H2O →   H2S + NaOH   (5) 

CoO + C + H2S →   S-Co/CNS + H2O (6) 
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Fig. S5 XRD patterns of the samples prepared at 300 and 400 °C. 
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Fig. S6 Cyclic voltammograms of (a) Co/CNS and (b) RuO2 at different scan rates (20, 

60, 100, 140 and 180 mV s-1) in a potential window (1.224-1.324 V vs. RHE) where no 

Faradic processes occur. 
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Fig. S7 Comparison of high resolution S 2p XPS spectra of S-Co/CNS before and after 

12 h OER test. 

As shown in Fig. S7, after 12 hour OER test, the S2- states bonded with the Co 

surface still exist, which indicates that the good stability of S-Co/CNS catalysts.  
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One-step solid phase synthesis of a highly efficient
and robust cobalt pentlandite electrocatalyst for
the oxygen evolution reaction†

Mohammad Al-Mamun,a Yun Wang,*a Porun Liu,a Yu Lin Zhong,a Huajie Yin,a

Xintai Su,ab Haimin Zhang,c Huagui Yang,a Dan Wang,a Zhiyong Tanga

and Huijun Zhao*ac

Cobalt pentlandite (Co9S8) has recently emerged as an alternative non-noble metal based electrocatalyst

for the oxygen evolution reaction (OER). Co9S8 is known for its intrinsic structural and electronic

properties favorable for electrocatalytic applications, but the synthesis of stoichiometrically optimal

Co9S8 electrocatalysts remains challenging. Herein, a facile one-step solid phase calcination approach is

presented in which Co9S8 nanoparticles (NPs) were concurrently synthesised on carbon nanosheets

(CNSs). The reaction mechanism for this synthesis was systematically investigated using TG/DSC-MS

analysis. Relative to other cobalt chalcogenide electrocatalysts, the as-prepared thermally stable

nanocomposite (Co9S8/CNS) has better electrocatalytic performance for the OER in alkaline electrolytes,

exhibiting a smaller overpotential of 294 mV at a current density of 10 mA cm�2 with a Tafel slope of

50.7 mV dec�1. Furthermore, a minimum overpotential of 267 mV with a Tafel slope of 48.2 mV dec�1

could be achieved using highly conducting multi-walled carbon nanotubes (MWCNTs) as a conducting

filler in the nanocomposites.

Introduction

The oxygen evolution reaction (OER) is an important half
reaction in electrochemical water splitting in sustainable and
efficient energy conversion and storage technologies, such as
water electrolysers, solar water-splitting devices and recharge-
able metal–air batteries.1–3 However, the OER (4OH� / 2H2O +
4e� + O2) occurs through a thermodynamically unfavourable
four-electron transfer process, which is kinetically sluggish4 and
involves a high overpotential to match the current density (�10
mA cm�2) required for solar fuel synthesis.5 Currently, noble
metal based oxides (e.g. RuO2 and IrO2) are the benchmark OER
catalysts6,7 but their elemental scarcity and prohibitive cost
limit the widespread utilisation of such catalysts. Therefore, the
development of efficient, earth-abundant and low cost OER
catalysts is of paramount signicance for future energy
conversion and storage applications.8,9

To date, a wide variety of OER electrocatalysts have been
developed, such as transition-metal hydroxides,8 oxides,10–13

phosphides,14 chalcogenides15–17 and metal-free electro-
catalysts.18–21 Of these, cobalt suldes (CoS,22 CoS2,23 Co2S3,24

Co3S4,25 Co4S3 (ref. 24) and Co9S8 (ref. 26 and 27)) are of
particular interest due to their unique electronic structure,28,29

rich structural diversities, low cost and high electrocatalytic
activities for the OER.30–32 Recent reports showed that cobalt
pentlandite (Co9S8) appears to be particularly promising for the
OER due to the large molecular cluster structure.30,33,34

In addition, theoretical studies also suggest the superior
stability of Co9S8 over other cobalt suldes owing to its unique
crystal structure.35 In the primitive unit cell of Co9S8, there is
one Co atom at the octahedral site (Co(O)), and the remaining
eight Co atoms are at the tetrahedral sites (Co(T)). The forma-
tion of Co(O) and S further stabilises the Co9S8 crystals. Co9S8
possesses the optimal number of electrons per atom, which has
a signicant impact on its high heat of formation (DHf). In
comparison to the other transition metal suldes with the same
stoichiometry, Co9S8 has the largest DHf value, further vali-
dating its superior stability. Moreover, the density of states
(DOS) of Co9S8 indicates pseudometallic characteristics and
therefore, good electronic conductivity. Additionally, its Fermi
energy level is located in the middle of the pseudogap, sug-
gesting fully occupied and almost empty bonding and anti-
bonding states, respectively. This electronic conguration
facilitates the required level of chemical interaction between the
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O atoms in the water molecule and the empty anti-bonding
states in metal cations during the initial stage of the OER
process. These theoretical modelling results suggest the struc-
turally enhanced mechanism of the Co9S8 electrocatalyst for the
OER that reects experimental observations.30,33,36–38

To realise the benets mentioned above, precise control of
the atomic stoichiometry in Co9S8 synthesis is critically
important. However, the complex bonding modes between
cobalt and sulfur make the desired stoichiometric Co9S8
synthesis relatively challenging and oen result in an intricate
crystal structure.39 To date, a number of synthetic methods
including hydrothermal,40 solution-phase,41,42 and wet-chemical
methods26 have been demonstrated. Pyrolysis has been
a popular and fairly successful method for preparing such
materials, but has several drawbacks, such as the use of toxic
and hazardous gases (H2 and H2S).43–45 In addition, some of the
pyrolysis techniques involve two-step44,45 calcination and the
pyrolysis reaction mechanisms were not well understood.

Another huge challenge in the synthesis of Co9S8 is the
aggregation of Co9S8 nanoparticles (NPs),46,47 which not only
decreases the effective active surface area but also introduces
grain boundaries and defects48 detrimental to electronic
conductivity. Thus, nanostructuring of Co9S8 onto a conductive
carbonaceous support (graphene, carbon nanotubes (CNTs)
and carbon nanosheets (CNSs)) is a good approach for
improved electronic conductivity and electrocatalytically active
surface area. However, the uniform distribution and synergistic
bonding between the NPs and predened carbon nano-
structures lead to a simple physical interface connec-
tion.30,33,34,49–51 As such, a novel one-step concurrent calcination
approach warranting intimate connectivity of Co9S8 NPs with
the carbon nanostructures (CNSs) is of fundamental interest to
accelerate the development of Co9S8 electrocatalysts for OERs,
with an in-depth understanding of the pyrolysis mechanism.

Herein, a one-step concurrent growth of Co9S8 NPs and
carbon nanosheet (Co9S8/CNS) composites from the pyrolytic
transformation of cobalt-oleate (Co(OA)2) to Co9S8/CNS nano-
composites in the presence of Na2SO4 salt is reported. At
moderately high temperature (700 �C), the Co(OA)2 precursor
can undergo concurrent suldation and carbonisation. The
amorphous carbon reduces SO4

2� ions to produce S2� in the
form of H2S for the suldation of the Co precursor to yield Co9S8
NPs and the resulting Co9S8/CNS nanocomposite. The nano-
composite exhibited superior electrocatalytic activity for the
OER in alkaline electrolytes and excellent stability compared to
all other cobalt chalcogenides and most noble metal based
electrocatalysts reported to date.

Experimental section
Preparation of Co9S8/CNS nanocomposites

In a typical synthesis process, 1.0 mmol of Co(NO3)2$6H2O
(Sigma-Aldrich, ACS reagent, $98%) was dissolved in 20 mL of
Milli-Q water (18 U), and then 2 mmol sodium oleate (NaOA)
(TCI Co.) was added to the mixture, followed by 30 mL n-hexane
(Sigma-Aldrich, HPLC grade,$95%) and 20 mL ethanol (Chem-
Supply). The resulting suspension was reuxed at 70 �C for 1 h

with continuous stirring leading to the formation of cobalt
oleate (Co(OA)2). Thereaer, the suspension was cooled to room
temperature and poured into a separatory funnel. The bottom
aqueous layer containing unreacted metal species and oleate
(OA) was drained off and the purple top organic layer containing
Co(OA)2 was collected. 15.0 g of anhydrous Na2SO4 (AR grade,
Univar) was added to the above suspension and dried at 80 �C in
an oven. This solid mixture was ground, and during this
process, Co(OA)2 was uniformly coated on the surface of Na2SO4

particles. This ground powder was calcined at 500 to 900 �C at
a heating rate of 10 �C min�1 under continuous Ar ow (20
sccm) and held for 3 h in a tubular furnace. Aer cooling under
Ar, the product was washed with copious amounts of water and
recovered via centrifugation at 12 000 rpm at least ve times.
Aer that, absolute ethanol was used for the nal wash and the
black powder was dried at 60 �C for 24 h in air and denoted as
Co9S8/CNS. Pure Co9S8 was also synthesised according to the
literature reported elsewhere50 and calcined at 700 �C under an
Ar atmosphere.

Preparation of Co9S8/CNS/CNT nanocomposites

Commercial (Shenzhen NTP Company, China) multi-walled
carbon nanotubes (MWCNTs) with an average range of diam-
eter and length of 40–60 nm and 5–15 mm, respectively, were
partially oxidised by a modied Hummers method8 and
dispersed in Milli-Q water to form a 5 mg mL�1 dispersion.
Subsequently, 1.0 mmol of Co(NO3)2$6H2O was dissolved in
a given volume of CNT dispersion, followed by the same
procedure described above to prepare the nal nano-
composites. Five nanocomposites containing different amounts
of CNTs were prepared and denoted as Co9S8/CNS/CNT-1 (16.0
wt% CNT content), Co9S8/CNS/CNT-2 (25.3% CNT), Co9S8/CNS/
CNT-3 (34.8% CNT), Co9S8/CNS/CNT-4 (42.0% CNT) and Co9S8/
CNS/CNT-5 (47.3% CNT).

Materials characterisation

The identication of the bulk crystal phase and other relevant
crystal structural information of the materials studied in this
work were characterised by X-ray diffraction (XRD, Bruker D8
Advance diffractometer, equipped with a graphite mono-
chromator) and Raman spectroscopy (Renishaw 100 system
Raman spectrometer using 632.8 nm He–Ne laser) techniques.
The surface morphology and nanostructural characterisations
were conducted using a scanning electron microscope (SEM)
equipped with an energy-dispersive X-ray spectrometer (EDS)
(JSM-7100F) and a transmission electron microscope (TEM,
Philips F20) linked with an EDS (Oxford) mapping device. The
Brunauer–Emmett–Teller (BET) method was utilised to calcu-
late the specic surface area (SBET) using nitrogen adsorption–
desorption isotherms, while pore size distribution was calcu-
lated using the Barrett, Joyner and Halenda (BJH) method in
Quantachrome Autosorb-1 equipment. The chemical composi-
tions of the samples were analysed by X-ray photoelectron
spectroscopy (XPS, Kratos Axis ULTRA with a 165 mm hemi-
spherical electron energy analyser). The thermal processes of
the precursors were carried out by heating the precursor from

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 18314–18321 | 18315
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100 to 900 �C with a ramp rate of 10 �C min�1 in an inert (Ar)
atmosphere with a TG/DSC (TG/DSC, Netzsch STA 449F3) and
an online gas MS spectrometer (MS, OmniStar GSD 320). The
transmission mode Fourier transform infrared (FTIR) spec-
troscopy analysis of the samples was carried out using a Perkin
Elmer spectrum 1000 FTIR spectrometer with KBr as the refer-
ence matrix. Inductively coupled plasma optical emission
spectroscopy (ICP-OES, Agilent 710) was used to estimate the
total Co content in the nanocomposite, where the limit of
detection (LOD) for Co was 0.3 mg L�1.

Electrochemical measurements

To evaluate the OER catalytic performance, a homogeneous ink
was rst prepared by adding 4.0 mg of catalyst into 1 mL of
a solvent mixture of Naon (5%), absolute ethanol and Milli-Q
water with a volume ratio of 1 : 1 : 8, followed by sonication in
an ultrasonic bath for at least 1 h. 12.0 mL (loading of 0.24 mg
cm�2) of the catalyst ink was drop cast on a clean rotating disk
electrode (RDE) and dried in air at room temperature. The OER
activities were measured in a standard three-electrode system,
where the catalyst loaded RDE, an Hg/HgO (1.0 M NaOH) elec-
trode and platinum mesh were the working, reference and
counter electrode, respectively. The electrochemical responses
were recorded using a potentiostat (CHI 760D, CH Instruments,
USA) and the current density was normalised to the geometric
area of the RDE (0.196 cm2). The polarisation curves and Tafel
plots were obtained at scan rates of 5 and 1mV s�1, respectively.
All potentials in this work are reported with respect to the
reversible hydrogen electrode (RHE) scale using the equation
ERHE ¼ EHg/HgO + 0.059 � pH + 0.098, where pH ¼ 14 in 1.0 M
KOH electrolyte. The polarisation curves were corrected with
95% iR-compensation. For rotating ring disk electrode (RRDE)
measurements, a RRDE with a glassy carbon disk (5 mm in
diameter) and a Pt ring (Pine Instrument Co. Ltd. USA) was
used. To ensure that the anodic current originates from the OER
rather than other side reactions, the ring (Pt) potential was set at
0.4 V (vs. RHE) to reduce the O2 produced from the catalyst
loaded on the disk electrode in N2-saturated 1 M KOH solution.
To monitor HO2

� formation, the ring potential was held at 1.5 V
(vs. RHE) for oxidising HO2

� intermediates in N2-saturated 1.0
M KOH electrolyte. The disk potentials for both measurements
were set at 1.52 V (vs. RHE) with a rotating speed of 1600 rpm.
AC impedance measurements were carried out in the same
experimental conguration at an overpotential of 270 mV at
frequencies ranging from 105 to 10�1 Hz with the applied
potential amplitude of 5 mV. Chronopotentiometric (CP) and
chronoamperometric (CA) stability was tested at a current
density of 10 mA cm�2 and applied potential of 1.53 V (vs. RHE),
respectively, for 10 h.

The TOF values were calculated from eqn (1):

TOF ¼ J � A

4� F � n
(1)

where J (A cm�2) is the measured current density at h¼ 300 mV;
A (0.196 cm2) is the area of the RDE; F (96 485.3 C mol�1) is
Faraday's constant; and n is the number of moles of the active

material. TOF values were calculated assuming that all metals
were active during OER catalysis.

The mass activity (A g�1) values were calculated from the
catalyst loading m (0.24 mg cm�2) and the measured current
density J (mA cm�2) at h ¼ 300 mV, utilising the following
eqn (2):8

Mass activity ¼ J

m
(2)

Results and discussion

The solid phase synthesis of Co9S8/CNS nanocomposites
through the one-step concurrent growth process was carried out
via the calcination of cobalt-oleate (Co(OA)2) (see the Experi-
mental section for details) over Na2SO4 salt under an inert (Ar)
atmosphere (Fig. 1).

Fig. 2a shows the X-ray diffraction (XRD) pattern of the
Co9S8/CNS nanocomposite prepared at 700 �C, where the
diffraction peaks can be indexed to the face centred cubic (fcc)
Co9S8 crystal structure (JCPDS 86-2273). In contrast, the XRD
patterns (Fig. S1, ESI†) of the samples prepared below 700 �C
were mainly attributed to CoO and Co3O4. This suggests that an
adequate level of thermal energy is necessary to facilitate the
formation of pure Co9S8 crystals. No diffraction peaks were
observed for CNSs or any other forms of cobalt sulde. This
implies that the pure Co9S8 NPs were successfully synthesised
and that the CNSs were not stacked in the graphitic form.52 The
Raman spectrum (Fig. 2b) of the Co9S8/CNS sample further
conrms the formation of Co9S8 NPs on CNSs with the char-
acteristic Raman bands at 233.5, 341.7, 470.2, 511.1, 606.1 and
675.8 cm�1 for Co9S8 along with the D and G bands at 1341.2
and 1582.9 cm�1 for the distorted graphitic carbon.50,52,53

The SEM images (Fig. 2c and S2 (ESI†)) of the Co9S8/CNS
nanocomposite reveal the three-dimensional (3D) carbon
nanostructures loaded with Co9S8 NPs with negligible aggre-
gations. The ultrathin mesoporous CNSs with the thickness of
�10 nm were interconnected and the lateral size of each CNS
was around several micrometres (Fig. S3, ESI†). As is evident
from Fig. 2d, the hexagonal shaped Co9S8 NPs with an average
particle size of �60 nm were decorated on the CNS network.

Fig. 1 Schematic illustration of the one-step concurrent growth
approach showing that the emission of H2O, CO, CO2 and H2S gases
during the calcination can promote the synthesis of the Co9S8/CNS
nanocomposite.
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Higher calcination temperatures (>700 �C) resulted in the
formation of large aggregates (Fig. S4, ESI†), which are unfav-
ourable for high catalytic performance in OERs. This result
highlights that an optimum calcination temperature is critical
for preparing uniformly structured Co9S8/CNS nanocomposites.
In addition, the BET analysis suggests that the specic surface
area of the Co9S8/CNS nanocomposite is 80.27 m2 g�1 (Fig. S5a,
ESI†). Whereas, the pore size distribution curve in Fig. S5b
(ESI†) conrms themesoporous structure of the nanocomposite
and is consistent with the pores indicated in Fig. 2d. The
presence of abundant mesopores in the 3D CNS scaffold is
benecial for mass transport of reactants and products within
the electrocatalysts and is advantageous for electrocatalytic OER
applications.

Transmission electronmicroscopy (TEM) was used to further
elucidate the crystal structure of Co9S8 NPs. As shown in Fig. 2e,
the Co9S8 NPs can be clearly distinguished on the decorated
CNSs. The selected area electron diffraction (SAED) pattern
(bottom le in Fig. 2e) conrms the existence of the (111), (311),
(222), (440) and (511) diffraction planes in the Co9S8/CNS
nanocomposite, consistent with the XRD result (Fig. 2a). In
addition, the high resolution TEM (HRTEM) image (top le in
Fig. 2e) shows a lattice spacing of 5.65 Å, corresponding to the
(111) plane of the cubic fcc phase of Co9S8 crystals.

Fig. 2f and g display the bright and dark-eld scanning
transmission electron microscopy (STEM) images of the Co9S8/

CNS nanocomposite in which the NPs can be identied as black
(Fig. 2f) and bright (Fig. 2g) spots, respectively. Furthermore,
energy dispersive X-ray spectroscopy (EDS) mapping was carried
out to map the elemental distribution throughout the nano-
composite. As is evident from Fig. 2h, the NPs are composed of
Co and S as evident from the overlapping elemental distribution
of Co and S. The EDSmapping also indicates that the CNSs were
not doped by sulfur. Additionally, low magnication EDS
mapping (Fig. S6, ESI†) shows the uniform distribution of Co9S8
NPs throughout the entire nanocomposite.

The X-ray photoelectron spectroscopy (XPS) survey spectrum
(Fig. 3a) reveals the presence of Co, S, O and C elements in the
nanocomposite. Fig. 3b shows the high resolution deconvoluted
Co 2p spectrum, which displays two sets of doublets and
shakeup satellites (abbreviated as “Sat.”). The rst doublet (at
779.5 and 795.4 eV) and the second one (at 781.0 and 796.7 eV)
can be assigned to Co 2p3/2 and Co 2p1/2, respectively, consistent
with the literature on the formation of Co9S8.26,30,37 For the S 2p
spectrum (Fig. 3c), two characteristic peaks centred at 161.6 and
162.8 eV correspond to S 2p3/2 and S 2p1/2 states attributed to
the S2� species bonded with Co atoms.26,33 In addition to S2�

states, the peak located at 168.5 eV associated with S6+ states
might have resulted from the oxidised sulfur species on the
Co9S8 NPs' surface.54 The C 1s spectrum (Fig. 3d) reveals that in
addition to the main CNS carbon, C–C/C]C (at 284.6 eV),
oxygen containing carbon species such as C–O (at 285.9 eV), C]
O (at 286.7 eV) and O–C]O (at 288.7 eV) were present in the
nanocomposite. These functional groups may be responsible
for the uniformly distributed growth of Co9S8 NPs. The FTIR
spectrum (Fig. S7, ESI†) of the Co9S8/CNS sample shows two
peaks at frequencies of 1100 and 620 cm�1 related to the S–O
bond and the lattice vibration of metal cations, respectively.55,56

The combination of XPS and FTIR analysis suggests that Co9S8
NPs were bonded on the CNSs through interfacial S–O groups.57

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) and thermogravimetric analysis (TGA) were used to
determine the bulk composition of the Co9S8/CNS

Fig. 2 (a) XRD pattern, (b) Raman spectrum, (c) lowmagnification SEM,
(d) highermagnification SEM, (e) TEM, (f) bright-field, (g) dark-field TEM
images and (h) Co, S and C distribution mapping of the Co9S8/CNS
nanocomposite. The inset in (d) shows hexagonal shaped Co9S8 NPs.
The Co9S8 NPs, CNSs and mesopores are indicated by yellow, red and
purple arrow or lines, respectively. The insets in (e) show a high
resolution HRTEM image (top left) and SAED pattern (bottom left).

Fig. 3 (a) XPS survey spectrum, and high resolution (b) Co 2p, (c) S 2p
and (d) C 1s spectra of the Co9S8/CNS nanocomposite.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 18314–18321 | 18317
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nanocomposite. The ICP-OES result conrmed that the mass
ratio of Co9S8 (total cobalt) in the Co9S8/CNS nanocomposite
was 48.4% by weight. On the other hand, TGA not only enables
us to estimate the weight percentage of Co9S8 but also to assess
the thermal stability of the nanocomposite in air. The resultant
TGA curve (Fig. 4a) suggested an initial weight loss of �11.6%
within the temperature range of 50 to 400 �C which corresponds
to the evaporation of adsorbed H2O and decomposition of labile
oxygen functional groups in the CNSs,58 as detected by the XPS
measurement. A further weight loss of �14.9% is due to the
oxidation of CNSs up to 500 �C. At �500 �C, an obvious weight
gain was observed due to the partial oxidation of Co9S8 nano-
crystals50 to form CoSO4 (I). However, the TGA curve was almost
stable at temperatures >800 �C due to the thermally oxidised
Co3O4 (II) from Co9S8, as conrmed by the XRD pattern
(Fig. 4b). Based on the solid residue remaining as Co3O4, the
amount of Co9S8 was calculated to be 48.5% in the Co9S8/CNS
nanocomposite, which is in good agreement with the ICP-OES
result (48.4%).

To understand the reaction mechanism for the concurrent
growth of Co9S8/CNS nanocomposites, synchronous TG/DSC-
MS data were collected and are presented in Fig. 4c and d.
According to our previous work,59 the concurrently grown
product is largely reliant on the corresponding decomposition
characteristics of each component in the solid reaction
precursor. Therefore, a certain amount of thermal energy is
essential to trigger each decomposition product during the
calcination. In Fig. 4c, the initial major breakdown started at
283 �C and continued up to 511 �C, as indicated by the endo-
thermic DSC peak and simultaneous MS peak emissions
(Fig. 4d) of the gaseous products (H2O, CO, and CO2). This
implies the decomposition of Co(OA)2 to form CoOx (Fig. S1,
ESI†) and amorphous carbon (eqn (3)). A broad endothermic
DSC peak from 550 to 765 �C with a sharp weight loss of 0.45%
is related to the reduction of Na2SO4 (eqn (4)) by carbon to
produce Na2S. Thereaer, the hydrolysis of Na2S (eqn (5)) led to

the formation of H2S, which can transform the CoOx to Co9S8
nanocrystals (eqn (6)). The major gaseous products were
emitted between 648 and 765 �C, which suggests the concurrent
carbonisation and suldation of the reaction precursor
(Co(OA)2 + Na2SO4). Also, the pyrolysis temperature of �700 �C
can be treated as the optimum condition to prepare a uniformly
structured Co9S8/CNS nanocomposite. Furthermore, a fraction
of amorphous carbon produced during the initial heating
process and the salt (Na2SO4) were utilised to arrange the nal
Co9S8/CNS nanocomposite. This means that the solid salt
(Na2SO4) not only helps to grow the nanostructures on its
surface but also supplies the adequate amount of sulfur species
required for the one-step suldation process.

CoðOAÞ2 ����!D
CoOx þH2Oþ Cþ COþ CO2 (3)

CþNa2SO4 ����!D
Na2Sþ COþ CO2 (4)

Na2SþH2O ����!D
H2SþNaOH (5)

CoOx þ CþH2S ����!D
Co9S8=CNSþH2O (6)

In this work, the electrocatalytic OER performances of Co9S8/
CNS and other control samples, including Co9S8 (Fig. S8, ESI†),
and benchmark RuO2, were evaluated in 1.0 M KOH electrolyte
using a standard three-electrode system as described in the
Experimental section. Fig. 5a shows the polarisation curves of
Co9S8/CNS, Co9S8 and commercial RuO2 electrocatalysts ob-
tained at a scan rate of 5 mV s�1. An obvious increase of the
anodic current at an onset potential of �1.45 V (vs. RHE) was
observed for the Co9S8/CNS catalyst. This was �20 mV earlier
than that of pure Co9S8 and RuO2, indicating the superior
intrinsic catalytic activity of the Co9S8/CNS catalyst towards the
OER. In addition, the overpotential required to reach the
current density of 10 mA cm�2 was 294 mV for the Co9S8/CNS
catalyst, 15 mV lower than that of RuO2 (309 mV) and signi-
cantly lower than that of Co9S8 (340 mV), which demonstrates

Fig. 4 (a) TGA curve of the Co9S8/CNS sample in air from 50 to 900 �C,
(b) XRD pattern of the sample after burning the Co9S8/CNS nano-
composite at 900 �C in air, (c) TG/DSC and (d) MS curves of the
precursor (Co(OA)2 + Na2SO4) under Ar protection from 100 to 900 �C.

Fig. 5 (a) Polarisation curves, (b) Tafel plots, and (c) Nyquist plots of
Co9S8/CNS, Co9S8 and RuO2 electrocatalysts; (d) CP and CA plots of
the Co9S8/CNS catalyst in 1.0 M KOH electrolyte.
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the importance of CNSs in improving the OER performance of
the catalyst. Furthermore, the Co9S8/CNS nanocomposite
exhibits the lowest OER overpotential at 10 mA cm�2 in both 0.1
M and 1.0 M KOH electrolytes compared with any other cobalt
chalcogenide-based electrocatalysts reported to date (see Tables
S1 and S2, ESI†).

To assess the inuence of overpotential on the steady-state
current density, Tafel plots were constructed (Fig. 5b). The
resulting Tafel slope of the Co9S8/CNS catalyst was 50.7 mV
dec�1, which was much lower than that of Co9S8 (85.6 mV
dec�1) and slightly lower than that of RuO2 (52.5 mV dec�1),
demonstrating its superior OER kinetics. To understand the
faster OER kinetics of the Co9S8/CNS sample, the electro-
chemical impedance spectroscopy (EIS) technique was also
employed to examine the charge transfer process in the cata-
lysts (Fig. 5c). The charge transfer resistance (Rct) of Co9S8/CNS
(46.8 U) was much smaller than that of Co9S8 (79.1 U) and
slightly lower than that of RuO2 (49.5 U), consistent with the
Tafel measurements (Fig. 5b). The lowest Rct value of the Co9S8/
CNS catalyst demonstrates the importance of intimate
connectivity between Co9S8 NPs and CNSs within the nano-
composite, facilitating faster charge transfer during OER
catalysis. In addition, the extent of electrocatalytically active
sites was compared with the electrochemical double-layer
capacitance (Cdl).60 The resulting Cdl value of the Co9S8/CNS
catalyst was 37.7 mF cm�2, whereas the Cdl values of Co9S8 and
RuO2 were 6.5 and 9.9 mF cm�2, respectively (Fig. S9, ESI†). This
signicant difference in Cdl values between the Co9S8 and
Co9S8/CNS samples was a result of the largely aggregated micro-
sized (�1 mm) Co9S8 NPs (Fig. S8b, ESI†) prepared in the
absence of any carbon support. The Co9S8 NPs' size, on the
other hand, was easily controlled on the scale of several tens of
nanometres (Fig. 2d), further conrming the utility of the one-
step concurrent growth method. Consequently, the Co9S8/CNS
catalyst can offer larger amounts of electrocatalytically active
sites compared to Co9S8, thereby supporting the superior OER
catalytic performance.

In addition to its high electrocatalytic activity, the catalyst's
stability is critical for energy conversion applications. The
Co9S8/CNS catalyst's chronopotentiometry (CP) and chro-
noamperometry (CA) test results in 1.0 M KOH electrolyte are
presented in Fig. 5d. The potential remained unchanged (�1.53

V) at the current density of 10 mA cm�2 in the CP test, while the
current density stayed close to�10 mA cm�2 at 1.53 V for the 10
h testing period. This shows the impressive electrocatalytic and
cyclic (Fig. S10, ESI†) stability of the catalyst in alkaline media
which matches the theoretical predictions.35 The turnover
frequency (TOF) and mass activity of Co9S8/CNS were 0.1063 s

�1

and 52.1 A g�1, respectively, which are much higher than those
of Co9S8 and RuO2 (see Table 1). It should be noted that the
calculated TOF values represent the lower limit of the catalyst
since not all active sites are electrochemically accessible during
catalysis. More importantly, the TOF for the Co9S8/CNS catalyst
was much higher than that of the previously reported metal
sulde catalysts.33

To ensure that the observed current originated from the OER
process, a rotating ring-disk electrode (RRDE) was employed
with a ring (Pt) potential of 0.40 V (vs. RHE) to reduce the
generated O2 from the glassy carbon electrode (GCE) disk. The
simultaneous OER at the GCE disk and oxygen reduction reac-
tion (ORR) at the Pt ring may detect the molecular O2.61,62 As
evident from Fig. S11a (ESI†), a constant disk current of 619 mA
(black line) resulting from molecular O2 generation on the
Co9S8/CNS catalyst surface at the disk electrode was observed.
The generated molecular O2 sweeps across the surrounding Pt
ring electrode are readily reduced. As a consequence, a ring
current of �121 mA (collection efficiency of 0.2) was recorded
(blue line), conrming that the observed OER current catalysed
by the Co9S8/CNS nanocomposite primarily originates from the
desirable OER process with a faradaic efficiency of 95–97%
(inset in Fig. S11a, ESI†). We also checked for the possible
formation of hydrogen peroxide (HO2

�) intermediates by
setting an applied potential of 1.5 V (vs. RHE) and oxidising
these intermediates. As shown in Fig. S11b (ESI†), a lower level
of the ring current (z3.4 mA) was detected (blue line) compared
to the large disk current (black line), which conrmed a negli-
gible amount of hydrogen peroxide produced during the OER
catalysis. This provides a reasonable validation that the OER
catalysed by Co9S8/CNS proceeded via a desired four-electron
pathway.

The Co9S8/CNS catalyst showed better performance than
previously reported cobalt chalcogenide catalysts (see Tables S1
and S2, ESI†) in terms of electrocatalytic activity, kinetics, and
stability. However, the overpotential required to achieve the

Table 1 Comparison of OER electrocatalytic activity of various electrocatalysts in 1.0 M KOH electrolyte

Catalysts
Onset
potential (V)

ha

@10 mA cm�2 (mV)
Tafel slope
(mV dec�1)

Rct

(U)
Mass
activityb,c (A g�1)

TOFb,c,d

(s�1)

Co9S8 �1.47 340 85.6 79.1 19.2 0.0808
Co9S8/CNS �1.45 294 50.7 46.8 52.1 0.1063
Co9S8/CNS/CNT1 �1.45 275 50.3 45.1 84.3 0.4169
Co9S8/CNS/CNT2 �1.45 267 48.2 41.7 117.2 0.6352
Co9S8/CNS/CNT3 �1.45 295 52.2 57.1 48.8 0.3199
Co9S8/CNS/CNT4 �1.46 299 59.2 71.7 42.0 0.3080
Co9S8/CNS/CNT5 �1.46 305 84.1 102.4 32.7 0.2707
RuO2 �1.47 309 52.5 49.5 33.6 0.0116

a The values are calculated at their corresponding overpotential@10 mA cm�2. b The amount of Co9S8 is only considered as active OER catalysts.
c All calculations are done at an overpotential of 300 mV. d The values are calculated by presuming that all metal atoms are involved in the catalysis.
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current density of 10mA cm�2 has a signicant delay of�74mV
(Fig. 5a) with respect to its onset overpotential. We speculate
that the electronic conductivity of CNSs which support the
active material (Co9S8) is not high enough to make the polar-
isation curve steeper. Based on this assumption, highly
conductive multi-walled carbon nanotubes (MWCNTs, denoted
as “CNTs”) were added as a conductive ller into the Co9S8/CNS
nanocomposite. Different amounts of partially oxidised (see the
Experimental section for details) CNTs were added into the
precursor before carrying out the one-step calcination to ensure
good dispersion of the CNTs throughout the nanocomposites.

These Co9S8/CNS/CNT nanocomposites (Fig. S12 and S13,
ESI†) were applied as OER electrocatalysts in 1.0 M KOH elec-
trolyte and their electrocatalytic OER activities (Fig. 6a) were
highly dependent on the nal composition of the catalysts (see
Table S3, ESI†). As shown in Fig. 6a, the overpotential at 10 mA
cm�2 decreased with the increase of CNT content from 16.0 to
25.3%. Further increase in CNT content resulted in inferior OER
activity with higher overpotential. A minimum overpotential of
267 mV was achieved with the optimum 25.3% CNT in the
nanocomposite. The Co9S8/CNS/CNT-2 (25.3% CNT) electrode
displayed the lowest Tafel slope of 48.2 mV dec�1 (Fig. 6b)
among all the nanocomposites studied in this work. The low
Tafel slope of the Co9S8/CNS/CNT-2 electrode reects its supe-
rior OER kinetics, which is consistent with its lowest Rct value
(41.7 U) (Fig. 6c). The poor performances associated with the
samples containing a larger amount of CNTs (>25.3%) might be
related to the reduced amount of active material (Co9S8). The
OER performance of both Co9S8/CNS and Co9S8/CNS/CNT-2
catalysts was also tested in 0.1 M KOH electrolyte (Fig. 6d). By
comparing the corresponding electrochemical OER parameters
(see Tables S1 and S2, ESI†), it can be concluded that the syn-
thesised catalysts perform better than any other cobalt-based
chalcogenides reported to date.

Conclusions

In summary, a novel concurrent growth approach has been
demonstrated for the solid phase synthesis of a Co9S8/CNS
nanocomposite and its application as an efficient electro-
catalyst for the oxygen evolution reaction (OER). This inexpen-
sive, facile, one-step, and easily controllable synthetic method
can enhance physico-chemical connectivity between the nano-
particulate active materials (Co9S8) and the carbon nanosheets
(CNSs). More importantly, based on the TG/DSC-MS analysis,
a plausible pyrolysis reaction mechanism for the preparation of
the Co9S8/CNS nanocomposite is proposed. Compared to pure
Co9S8, the Co9S8/CNS catalyst exhibits better electrocatalytic
activity, impressive durability, lower overpotential at a current
density of 10 mA cm�2 and a smaller Tafel slope. Moreover, the
performance of the as-prepared electrocatalyst is better than
that of the benchmark RuO2 and any other cobalt-based chal-
cogenides reported to date. We, therefore, believe that the
synthetic method developed in this work can be further
extended to synthesise a wide variety of metal–sulde and
carbon nanocomposites for energy conversion and storage
applications.
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Fig. S1 XRD patterns of the samples prepared at different calcination temperatures (500-700
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Fig. S2 Low magnification SEM image of Co9S8/CNS nanocomposite prepared at 700 °C. 
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Fig. S3 SEM image of CNS prepared at 700 °C showing the lateral size of several m with 

the thickness of ~10 nm.
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Fig. S4 SEM images of the synthesised samples prepared at calcination temperature of (a) 

500, (b) 600, (c) 800 and (d) 900 °C.
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Fig. S5 (a) BET and (b) pore size distribution curves of Co9S8/CNS nanocomposite. The
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Table S1. A summary of the OER performances of cobalt based chalcogenide catalysts in 1.0 

M KOH electrolyte.a

Catalysts @10 mA 

cm-2

(mV)

Onset 

potential

(V vs. RHE)

Tafel slope 

(mV dec-1)

Mass 

loading

(mg cm-2)

Substrate Reference

Co9S8/CNS/CNT 267 ~1.45 48.2 0.24 GCE This work

Co9S8/CNS 294 ~1.45 50.7 0.24 GCE This work

CP/CTs/Co-S 300 ~1.50 72.0 0.32 CP 2

CoOx-CoSe/NF 300(b) ~1.50 68 1.7 Ni foam 3

Ni2.3%-CoS2 ~310 ~1.53 119 0.97 CC 4

Fe3O4@Co9S8/rGO 320 1.48 54.5 0.25 GCE 5

Co9S8@NC 320 ~1.40 - 0.22 GCE 6

Co0.85Se 324 ~1.45 85 0.6 Carbon cloth 7

Zn0.76Co0.24S/CoS2 ~325 ~1.54 79 1.0 Ti 8

CoS 361 ~1.55 64 - Ti 9

Co0.5Fe0.5S@N-MC 410 ~1.57 159 0.1 GCE 10

Co9S8@MoS2/CNFs 430 ~1.58 61 0.21 GCE 11

CoSe2 430 ~1.57 50 1.0 GCE 12

Co9S8/CNFs 512 ~1.62 78 0.21 GCE 11

aThe table is sorted in descending order by @10 mA cm-2, the overpotential required to 

reach the current density of 10 mA cm-2; bthe overpotential @100 mA cm-2.
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Table S2. A summary of the OER performances of cobalt based chalcogenide catalysts in 0.1 

M KOH electrolyte.a

Catalysts @10 mA 

cm-2

[mV](a)

Onset 

potential

[V vs. RHE]

Tafel slope 

[mV dec-1]

Mass 

loading

[mg cm-2]

Substrate Reference

Co9S8/CNS/CNT 299 ~1.46 59.8 0.24 GCE This work

Co9S8/CNS 324 ~1.46 67.9 0.24 GCE This work

Fe3O4@Co9S8/rGO 340 1.48 65.5 0.25 GCE 5

Co9S8/N-C ~347 ~1.48 69.0 0.80 GCE 13

Co1-xS/G ~349 ~1.52 55.6 0.0926 GCE 14

Co3S4 363 ~1.52 90 0.283 GCE 15

NG-CoSe2 366 ~1.50 40 0.20 GCE 16

Co9S8@NC 370 ~1.40 124 0.22 GCE 6

CoS2/N,S-GO 380 ~1.50 75 0.25 GCE 17

Co9S8/G 409 ~1.52 82.7 0.20 GCE 18

Mn3O4/CoSe2 420 ~1.48 49 0.20 GCE 19

Co3S4/NCNTs 430 ~1.55 70 0.20 GCE 20

NiCo2S4@N/S-rGO 470 ~1.57 - 0.283 GCE 21

CoxSy@C 470 ~1.56 - 0.141 GCE 22

CoSe2 510 ~1.57 67 1.0 GCE 12

aThe table is sorted in descending order by @10 mA cm-2.
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Fig. S9 Cyclic voltammograms at scan rates from 20 to 180 mV s-1 under the non-Faradic 

potential window of 1.224 to 1.324 V (vs. RHE) of (a) Co9S8/CNS, (b) Co9S8 and (c) RuO2; 

(d) Plots of current densities at 1.275 V vs. scan rates of Co9S8/CNS, Co9S8 and RuO2, 

respectively.

(a) (b)

(c) (d)

168



S13

1.2 1.3 1.4 1.5 1.6

0

5

10

15

20

25

30

1
st
 cycle

 1000
th
 cycle

C
u
rr

e
n
t 
D

e
n
s
it
y
 (
m

A
 c

m
-2
)

Potential (V vs. RHE)

Fig. S10 The first and 1000th CV cycle of Co9S8/CNS in 1.0 M KOH electrolyte at a scan rate 

of 10 mV s-1. 

169



S14

0 30 60 90 120 150 180
0

100

200

300

400

500

600

Time (s)

C
u
rr

e
n
t 
(

A
)

-120

-100

-80

-60

-40

-20

0

0 30 60 90 120 150 180
0.0

0.2

0.4

0.6

0.8

1.0

F
a
ra

d
ic

 E
ff

ic
ie

n
c
y
 (

)

Time (s)

 = I
ring

 / (I
disk

 × N)  0.95-0.97

I
disk

I
ring

O
2
 + 2H

2
O + 4e

-  4OH
-
 (Pt ring)

C
u
rre

n
t (

A
)

4OH
-
  O

2
 + 2H

2
O + 4e

-
 (glassy carbon disk)

0 50 100 150
0

200

400

600

Time (s)

C
u
rr

e
n
t 
(

A
)

0

5

10

15

20

I
disk

I
ring

2H
2
O

-
  O

2
 + H

2
O + 2e

-
 (Pt ring)

4OH
-
  O

2
 + 2H

2
O + 4e

-
 (glassy carbon disk)

C
u
rre

n
t (

A
)

Fig. S11 (a) Disk current (Idisk) and ring current (Iring) of Co9S8/CNS using RRDE 

measurements under the applied potential of 1.52 V (vs. RHE) at the disk (GCE) and 0.4 V 

(vs. RHE) at the ring (Pt); the inset shows the Faradic efficiency of Co9S8/CNS for OER; (b) 

Disk current (Idisk) and ring current (Iring) of Co9S8/CNS using RRDE measurements for the 

detection of H2O2 generation under the applied potential of 1.52 V (vs. RHE) at the disk 

(GCE) and 1.5 V (vs. RHE) at the ring (Pt). All the RRDE measurements are conducted in 

N2-saturated, 1.0 M KOH electrolyte.
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Fig. S13 SEM images of Co9S8/CNS/CNT nanocomposites with CNT weight loadings of (a) 

16.0%, (b) 25.3%, (c) 34.8%, (d) 42.0% and (e) 47.3% prepared at calcination temperature of 

700°C under Ar atmosphere.
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Table S3. Composition of the nanocomposites prepared by the one-step molten-salt 

calcination method. 

Catalysts Co9S8

(%)

CNS

(%)

CNT

(%)

Co9S8 100 - -

Co9S8/CNS 48.5 51.5 -

Co9S8/CNS/CNT-1 41.2 42.8 16.0

Co9S8/CNS/CNT-2 37.6 37.1 25.3

Co9S8/CNS/CNT-3 31.1 34.1 34.8

Co9S8/CNS/CNT-4 27.8 30.2 42.0

Co9S8/CNS/CNT-5 24.6 28.1 47.3
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Fig. S15 Polarisation curves of RuO2, RuO2/CNS and Co3O4 electrocatalysts measured at a 

scan rate of 5 mV s-1 in 1.0 M KOH electrolyte.

To realise the effect of CNS on the OER performance, 48.5% (wt%) of RuO2 (same 

weight percentage of Co9S8 in Co9S8/CNS composite) was mixed with CNS to prepare a 

composite electrocatalyst and the polarisation curves were measured. As evident from Fig. 

S15, no significant change in the onset potential was observed. However, a slight decrease in 

the current density was encountered that possibly due to the difference in chemical property 

of separately prepared CNS compared to that of the in situ grown CNS in Co9S8/CNS 

nanocomposites. Also, cobalt oxide (Co3O4) nanopowders with the particle size <50 nm 

(Sigma-Aldrich, 99.5%) as an electrocatalyst for OER was tested in 1.0 M KOH under the 

same experimental condition used for other samples presented in this work. The polarisation 

curve obtained for Co3O4 indicates a largely anodic shifted onset potential of ~1.55 V (vs. 

RHE) compare to that of RuO2. The obtained OER properties of Co3O4 are also well aligned 

with the reported results.23-25
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ABSTRACT  

The activity and durability of electrocatalysts are two of the most important factors for their practical 
applications, such as the electrocatalytic oxygen evolution reactions (OERs) used in water splitting cells and 
metal-air batteries. In this study, a novel electrocatalyst, few-layered graphitic carbon (~5 atomic layers) 
encapsulated heazlewoodite (Ni3S2@C) nanoparticles (NPs), was purposely designed and experimentally 
synthesised via one-step solid phase pyrolysis method. In the OER test, the Ni3S2@C catalyst exhibited 
overpotential of 298 mV at current density of 10 mA cm-2, Tafel slope of 51.3 mV dec-1, and charge transfer 
resistance of 22.0 , which are better than those of benchmark RuO2 and most other nickel sulfide-based 
catalysts reported to date. The improved performance can be ascribed to the high electronic conductivity of 
graphitic carbon encapsulating layers. Moreover, the encapsulation of graphitic carbon layers provides 
superb stability without any noticeable oxidation or depletion of catalytically active Ni3S2 NPs within the 
nanocomposite. The strategy introduced in this work can, therefore, benefit the development of highly 
efficient and stable metal sulfide electrocatalysts for energy conversion and storage applications. 

KEYWORDS  

heazlewoodite, electrocatalysts, encapsulation, oxygen evolution reaction, pyrolysis, graphitic carbon 

1. Introduction

The oxygen evolution reaction (OER) is recognised 
as a key half reaction in many electrochemical 
applications and devices such as solar water 

splitting [1], water electrolysis cells [2] and recently, 
metal-air batteries as a charging reaction [3]. 
However, the thermodynamically unfavourable and 
kinetically sluggish OER process requires precious 
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metal-based catalysts, e.g. RuO2 and IrO2, to reduce 
the overpotential and thereby achieve a current 
density of 10 mA cm-2, the metric relevant to solar 
fuel synthesis [4-7]. But the elemental scarcity and 
high-cost of such noble metal-based electrocatalysts 
considerably impede the widespread utilisation of 
these catalysts. Therefore, the development of 
highly efficient and earth-abundant electrocatalysts 
for OERs is of paramount significance in designing 
efficient and affordable energy conversion and 
storage devices. 

In particular, transition metal sulfides have 
attracted considerable attention as a promising but 
less investigated class of OER electrocatalysts [8-10]. 
The Ni metal rich heazlewoodite (Ni3S2) has 
recently shown desired electrocatalytic behaviour 
for either oxygen reduction reactions (ORRs) [11], 
hydrogen evolution reactions (HERs) [12, 13] or 
OERs [14-17]. However, most transition metal 
sulfides experience serious oxidation at the high 
anodic potential required for OER catalysis [8, 
18-21]. This unavoidable electrochemical 
phenomenon hinders the inherent OER activity 
evaluation and the identification of the real active 
sites for OERs. It can also affect the long-term 
electrocatalytic stability of the catalysts. 

One feasible way of minimising the possibility 
of such oxidation processes, while maintaining 
reasonable electrocatalytic activity, is to encapsulate 
the metal sulfide nanoparticles (NPs) with an 
ultrathin layer of foreign substances. Recently, this 
strategy has been demonstrated to be potentially 
advantageous in maintaining the parent structural 
and chemical integrity of the active materials in 
many electrochemical processes [22-27]. And 
graphitic carbon is one of the best candidates to 
achieve this goal as it possesses high electronic 
conductivity and considerable electrochemical 
inertness [28]. Moreover, Bao and his co-workers 
discovered that the interaction between the metallic 
core and the graphitic shell can change the local 
work function of the shell, and further improved 

the electrocatalytic activities [29-33]. A recent report 
also suggested the exclusive utility of such hybrid 
system as an efficient and durable electrocatalyst 
for OERs [34]. , the unwanted grain 
boundaries and defects within the metal sulfide 
catalysts can be alleviated using this well-designed 
nanostructure, which can further enhance their 
electronic conductivity [24, 35]. As such, 
few-layered graphitic carbon encapsulated 
transition metal sulfide NPs may be able to deliver 
a number of physical, chemical and electrical 
benefits needed for efficient and durable 
electrocatalysts for OERs. 

Herein, for the first time, we report a 
two-dimensional (2D) carbon nanosheet (CNS) 
supported few-layered graphitic carbon 
encapsulated Ni3S2 NPs nanocomposite 
(Ni3S2@C/CNS) via facile pyrolysis of the solid 
reaction precursor of nickel-oleate (Ni(OA)2) and 
Na2SO4 at 700 °C. The overall formation mechanism 
for the synthesis of the Ni3S2@C/CNS 
nanocomposite was systematically investigated 
based on the emitted gaseous products during the 
one-step pyrolysis. We found that during the 
pyrolysis process, the sulfidation of the Ni 
precursor by in situ generated H2S can result in the 
formation of Ni3S2 NPs, which are further 
encapsulated by a few atomic layers of graphitic 
carbon through a local chemical vapour deposition 
(CVD) process. This nanocomposite was applied as 
an electrocatalyst for OER in 1.0 M KOH electrolyte, 
showing comparable OER performance and 
excellent electrocatalytic stability to many transition 
metal sulfide and precious metal-based 
electrocatalysts. 

2. Experimental

2.1 Chemicals 
Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O; 
ACS reagent, 98%), n-Hexane (HPLC grade, 95%), 
and ruthenium (IV) oxide (RuO2; 99.9%) were 
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purchased from Sigma-Aldrich. Sodium oleate 
(C18H33O2Na or NaOA) and sodium sulfate (Na2SO4; 
AR grade) were bought from TCI Co. and Univar, 
respectively. Absolute ethanol was of analytical 
grade and purchased from Chem-Supply. All 
chemicals were used as received without any 
further purification. 

2.2 Preparation of Ni3S2@C/CNS nanocomposites 
First, 3.0 mmol of Ni(NO3)2·6H2O was dissolved in 
20 mL of Milli-Q® water (18 M ·cm) followed by 
the addition of 6.0 mmol NaOA, 30 mL n-hexane 
and 20 mL ethanol. This mixture was refluxed at 
70 °C for 1 h with continuous stirring and cooled 
down to room temperature. Then, the suspension 
was transferred into a separatory funnel and the 
green coloured organic top layer containing 
Ni(OA)2 was collected in a beaker (Fig. S-1 in the 
Electronic Supplementary Material (ESM)). Next, 20 
g of Na2SO4 was added to the green suspension and 
dried at room temperature for 48 h. This resultant 
solid mixture was placed in a planetary zirconia ball 
miller at room temperature at a speed of 500 rpm 
for 3 h to prepare a finely ground solid mixture, 
which was used as a solid reaction precursor for the 
pyrolysis. This greenish coloured solid was 
pyrolysed from 500 to 900 °C with a heating ramp 
of 10 °C min-1 under continuous Ar flow and held 
for 3 h in a tubular furnace. The samples were 
allowed to cool down naturally to room 
temperature under Ar flow. At this stage, the 
pyrolysed object was washed with copious water 
and filtered through a 0.45 m nylon membrane. 
Finally, the nanocomposite, in the form of a black 
powder, was dried at 60 °C for 24 h in air and 
denoted as Ni3S2@C/CNS. A similar method was 
followed to prepare the CNS sample at 700 °C 
without any Ni precursor. Pure Ni3S2 was 
synthesised according to the literature reported 
elsewhere [36] and calcined at 700 °C under Ar 
atmosphere. This calcined Ni3S2 sample was mixed 
with the CNS at a weight percentage of 46.2% 

(denoted as Ni3S2/CNS). 

2.3 Structural characterisations 
The bulk crystal structures of the samples were 
characterised by powder X-ray diffraction (XRD, 
Bruker D8 Advance diffractometer, equipped with a 
graphite monochromator) and Raman spectroscopic 
(Renishaw 100, 632.8 nm He-Ne laser) techniques. 
A scanning electron microscope (SEM, JSM-7001F) 
and transmission electron microscope (TEM, Philips 
Tecnai F20) equipped with an Oxford 
energy-dispersive X-ray spectroscopy (EDS) unit 
were used to characterise the surface morphology 
and nanostructural information. The surface 
chemical composition and the chemical states of the 
species in the samples were analysed by X-ray 
photoelectron spectroscopic (XPS, Kratos Axis 
ULTRA incorporating a 165 mm hemispherical 
electron energy analyser) technique. The thermal 
decomposition processes of the solid reaction 
precursor were thoroughly analysed by monitoring 
the real-time emitted gases (H2O, CO, H2S and CO2) 
during the pyrolysis from 100 to 900 °C with a 
heating ramp rate of 10 °C min-1 in an inert (Ar) 
atmosphere with TG/DSC (TG/DSC, Netzsch STA 
449F3) and online MS spectrometer (MS, OmniStar 
GSD 320). 

2.4 Electrochemical characterisations 
A homogeneous ink was first prepared by 
dispersing 4.0 mg of catalyst powder in 1 mL of a 
solvent mixture of Nafion (5%), absolute ethanol 
and Milli-Q water with a volume ratio of 1:1:8, 
followed by continuous ultra-sonication for 1 h. A 
12.0 L (loading: 0.24 mg cm-2) aliquot of catalyst 
ink was drop casted on a clean rotating disk 
electrode (RDE) and dried in air at room 
temperature. The OER activities of the catalysts 
were measured in a standard three-electrode system, 
where the catalyst loaded RDE, an Hg/HgO (1.0 M 
NaOH) electrode and platinum mesh acted as the 
working, reference and counter electrodes, 
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respectively. A potentiostat (CHI 760D, CH 
Instruments, USA) was utilised to record the 
electrochemical responses. The measured current 
density was normalised to the geometric area of the 
RDE (0.196 cm2). The polarisation curves and Tafel 
plots were measured at scan rates of 5 and 1 mV s-1, 
respectively. All potentials displayed in this work 
were converted to the reversible hydrogen electrode 
(RHE) scale using the equation ERHE = EHg/HgO + 0.059 
× pH + 0.098, where pH = 14 in 1.0 M KOH 
electrolyte. The polarisation curves were corrected 
with 95% iR-compensation. Electrochemical 
impedance spectroscopic (EIS) measurements were 
conducted under the same experimental 
configuration at frequencies ranging from 105 to 10-1 
Hz with overpotential of 300 mV and applied 
potential amplitude of 5 mV. The electrocatalytic 
stability was tested using the chronopotentiometry 
(CP) technique at the current density of 10 mA cm-2 
for 12 h. 

2 Results and discussion 
Synthesis and structural characteristics 
The one-step solid phase synthesis procedure for 
the concurrent growth of Ni3S2@C/CNS 
nanocomposite is schematically illustrated in Fig. 1 
(see the experimental section for details). The 
Ni3S2@C/CNS nanocomposites were prepared by 
the concurrent sulfidation and carbonisation of the 
solid reaction precursor of Ni(OA)2 and Na2SO4 at 
700 °C under Ar atmosphere (Fig. S-1 in the ESM). 

Fig. 2(a) shows the XRD pattern of the sample 
prepared at 700 °C with obvious phase peaks at 2  
= 21.7, 31.1, 37.7, 44.4, 49.8, and 55.1° corresponding 

to the (101), (110), (003), (202), (113) and (122) 
reflection planes of Ni3S2 crystal structure (JCPDS 
44-1418), respectively. No obvious diffraction peaks
for the CNS were observed; which means that the
majority of the carbon nanostructures are in the
distorted graphitic form. The distorted graphitic
form of CNS can be further evidenced by two
distinct Raman peaks at 1349.7 and 1600.6 cm-1 (Fig.
2(b)), corresponding to the D and G-bands,
respectively [37-39]. In addition, the weak signals
within the range of 200-500 cm-1 are consistent with
the Raman spectra reported for Ni3S2 [40, 41]. These
XRD and Raman characterisation results confirm
that the bulk chemical structure of the Ni3S2@C/CNS
nanocomposite is composed of crystalline Ni3S2 and
distorted graphitic carbon.

The surface morphology and nanostructural 
properties of the Ni3S2@C/CNS nanocomposite were 
thoroughly characterised using SEM, TEM and EDS 
techniques. The SEM images (Figs. 3(a) and 3(b)) 
show a random arrangement of Ni3S2 NPs and CNS, 
where the Ni3S2 NPs are homogeneously dispersed 
throughout the nanocomposite, as indicated in Fig. 
3b. The composites prepared over 700 °C were 
observed to be large chunks (Fig. S-2 in the ESM) 
and may not be beneficial for OER catalysis. In the 
TEM image (Fig. 3(c)), the majorities of Ni3S2 NPs 
are observed to be within the size of 20-30 nm and 
are nested on the ultrathin 2D CNS matrix. The 
high resolution TEM (HRTEM) images clearly show 
the encapsulation of ultrathin graphitic carbon 
layers on Ni3S2 NPs (Fig. 3(d)). The lattice fringes of 

Calcination

:Ni(OA)2 :Na2SO4 :Ni3S2 :CNS:C :Ni3S2@C

Ni(oleate)2 +     Na2SO4 Ni3S2@C/CNS
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3.40 and 4.08 Å are attributed to the reflection plane 
of (002) in graphitic carbon and (101) in crystalline 
Ni3S2, respectively. This suggests that ~5 atomic 
layers of graphitic carbon with the thickness of ~1.8 
nm successfully encapsulated the Ni3S2 NPs. This 
few-layered graphitic carbon shell might permit the 
desired access of the reactants [42, 43] to the active 
sites without compromising the electrocatalytic 
OER activity and spontaneously prohibit the 
surface oxidation of Ni3S2. 

-

The EDS measurements were also conducted to 
visualise the elemental distribution within the 
entire nanocomposite. As evidenced by Figs. 3(e) 
and 3(f), the NPs are mainly composed of Ni and S, 
where the C signals are relatively weak on the NPs, 
implying the low concentration of C there. However, 
the EDS line-profile in Fig. 3(g) clearly shows 
relatively higher concentration of elemental C 
(yellow line) at the edges of the NP, certifying 
successfully encapsulated Ni3S2 NPs by a 
few-layered graphitic carbon via this one-step 
pyrolysis method. Moreover, the EDS pattern (Fig. 
S-3 in the ESM) obtained from the fields of the
Ni3S2@C/CNS nanocomposite indicates an average
Ni/S atomic composition of 3:2.

The surface chemical states of the as prepared 
Ni3S2@C/CNS nanocomposite were examined by 
XPS. As shown in Fig. 4(a), Ni, S, O and C elements 
are dominant in the nanocomposite. The oxidation 
states of Ni were investigated by the deconvolution 
of high resolution Ni 2p spectra (Fig. 4(b)). The Ni 
2p3/2 and Ni 2p1/2 doublet peaks centred at 855.4 and 
873.0 eV accompanied by their respective satellite 
peaks (denoted as “Sat.”) with the split spin-orbit of 
~17.6 eV and a characteristic peak at 852.4 eV 

100 nm 100 nm 100 nm

100 nm 100 nm

DF Ni S

C overlay

1 m 100 nm

CNS

Ni3S2

200 nm 5 nm
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confirm the formation of Ni3S2 crystals, which are 
consistent with the literature [14, 44, 45]. In Fig. 4(c), 
two main characteristic peaks for S2- species at 161.6 
and 162.7 eV were observed, which are related to 
the S 2p3/2 and S 2p1/2 states [46, 47]. Along with the 
XPS signals for S2- states, the Sn2- and S6+ states were 
also observed [38, 47-50]. The C 1s XPS spectrum 
(Fig. 4(d)) reveals the existence of C-C/C=C, C-O, 
C=O and O-C=O bonds in the nanocomposite. Apart 
from the graphitic bonds, other functional groups of 
CNS may benefit its binding with Ni3S2@C NPs, 
leading to an improved interfacial connection 
between the Ni3S2@C and CNS, beneficial for 
electrocatalytic OER applications. 

It has been speculated that the amount of 
active material (Ni3S2) in the nanocomposite 
obtained from the EDS and XPS analysis may be 
underestimated [31, 51] owing to the few-layered 
graphitic carbon coatings on Ni3S2 NPs. To avoid 
this discrepancy and to study the thermal stability 
of the nanocomposite, simultaneous 
thermogravimetric (TG)/differential scanning 
calorimetric (DSC) measurements were conducted. 
The TG/DSC profile (Fig. 5(a)) obtained for the 
sample burnt from 100 to 900 °C under air at a 
heating rate of 10 °C min-1 showed an initial weight 
loss of ~8.6% from 100 to 473 °C, implying the 
evaporation of adsorbed H2O and the successive 
decomposition of labile functional groups (C-O, 
C=O, O-C=O, etc.) detected in the XPS measurement. 
However, a further weight loss of ~48.3%, along 
with a broad exothermic DSC peak at ~570 °C was 
observed, suggesting the simultaneous oxidation of 
Ni3S2 and carbon to their corresponding oxides 
(NiO and CO2). Above 650 °C, a stable TG profile 
reflects the formation of stable NiO, as confirmed 
by the XRD pattern in Fig. 5(b). Based on the final 
weight of NiO remaining as residue, the original 
fraction of Ni3S2 in the nanocomposite was 
calculated to be 46.2% by weight. 

-

The instantaneous TG/DSC-MS measurements 
were performed to understand the formation 
mechanism of Ni3S2@C/CNS nanocomposite. 
According to our previous work [49, 52], the 
concurrently grown products are heavily 
dependent on the decomposition characteristics of 
each existing component in the solid reaction 
precursor. Also, a certain quantity of thermal 
energy is essential to trigger each decomposition 
event and the relevant chemical reactions inside the 
pyrolysis tube. A synchronous TG/DSC-MS 
measurement enables us to monitor the TG/DSC 
profile along with the emitted gaseous products 
during pyrolysis. The TG/DSC-MS measurement of 
the solid reaction precursor was performed under 
the same experimental conditions used for the 
nanocomposite fabrication. As shown in Fig. 5(c), 
the initial major breakthrough started at 293 °C and 
continued up to 500 °C with a weight loss of ~5.10%, 
as evidenced by the strong endothermic DSC peak 
and simultaneous peaked emissions (Fig. 5(d)) of 
the gaseous products (H2O, H2S, CO2). It suggests 
that the decomposition of Ni(OA)2 resulted in the 
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formation of Ni0 NPs (Figs. S-2 and S-4 in the ESM) 
and amorphous carbon (Eq. 1). A broad 
endothermic peak and an obvious weight loss of 
0.88% (Fig. 5(c)) from 567 to 760 °C (Fig. 5(d)) may 
arise from the reduction of Na2SO4 (Eq. 2) by carbon 
to produce Na2S. Thereafter, the hydrolysis of Na2S 
(Eq. 3) leads to the formation of H2S, as supported 
by the MS peaked H2S emission (Fig. 5(d)). After 
that, H2S can further sulfidise the Ni0 NPs to yield 
Ni3S2 NPs (Eq. 4). Furthermore, a certain portion of 
carbon and Na2SO4 was utilised to trigger the 
relevant reactions required for the final fabrication 
of the Ni3S2@C/CNS nanocomposite. In other words, 
the Na2SO4 salt not only assisted nanostructure 
formation on its surface but also provided the 
desired amount of sulfur sources for the sulfidation 
of metallic Ni NPs. Based on the aforementioned 
discussion and corresponding XRD analysis (Fig. 
S-4 in the ESM), a plausible reaction mechanism is
outlined below. It is noteworthy that the carbon
used to encapsulate Ni3S2 NPs was found to be in
the graphitic form (Fig. 3(d)), whereas the carbon in
the CNS was distorted or partly amorphous. This
discriminative nature of carbonisation at this
moderately high temperature pyrolysis event may
arise from the catalytic graphitisation characteristics
of Ni species [53, 54]. As such, the carbonaceous
gases (CO2) produced during the pyrolysis may get
graphitised on Ni3S2 NPs via local CVD process [55]
and thereby producing a few-layered graphitic
carbon encapsulated Ni3S2 nanocomposite.

  (1) 

   (2) 

 (3) 

  (4) 

Electrocatalytic performances 
The electrocatalytic OER performances of the 

electrocatalysts were examined in 1.0 M KOH 
electrolyte using a standard three-electrode system 
(see the experimental section for details). To 
identify the function of few-layered graphitic 
carbon on Ni3S2 NPs, two control samples including 
Ni3S2/CNS, Ni3S2 (Fig. S-5 in the ESM) were also 
tested under identical conditions on a glassy carbon 
elect rode (GCE).  

As it evident from the polarisation curves (Fig. 
6(a)), the CNS is not active to the catalytic OERs, 
which suggests that Ni3S2 NPs act as the catalytic 
sites for the OERs. Moreover, the Ni3S2@C/CNS 
electrode exhibits the earliest onset potential of 

1.45 V (vs. RHE), which is fairly close to that of the 
benchmark RuO2 and slightly better than those of 
Ni3S2/CNS and Ni3S2 catalysts. However, the 
overpotential required to reach the current density 
of 10 mA cm-2 is 298 mV for the Ni3S2@C/CNS 
electrode, which is 10, 26 and 37 mV lower than 
those of RuO2, Ni3S2/CNS and Ni3S2, respectively. 
The smallest overpotential of Ni3S2@C/CNS among 
all considered catalysts reveals that the 
encapsulation of few-layered graphitic carbon will 
not affect the activity of Ni3S2 NPs, which, 
surprisingly, can improve their OER activity. 

To gain insight into the OER kinetics, Tafel 
plots were constructed as shown in Fig. 6(b). The 
Ni3S2@C/CNS electrode shows a Tafel slope of 51.3 
mV dec-1, which is slightly smaller than that of 
RuO2 (52.4 mV dec-1), however, significantly smaller 
than Ni3S2/CNS (65.1 mV dec-1) and Ni3S2 (95.1 mV 
dec-1). The relatively smaller Tafel slope suggests 
that the superior OER kinetics of the Ni3S2@C/CNS 
catalysts. Typically, the OER kinetics is associated 
with the charge transfer process, which was further 
investigated by electrochemical impedance 
spectroscopy (EIS). As displayed in Fig. 6(c), the 
charge transfer resistance (Rct) of Ni3S2/CNS (46.6 ) 
is 32.4% lower than that of Ni3S2 (68.9 ) due to the 
introduction of conductive CNS. After few-layered 
graphitic carbon encapsulation on Ni3S2 NPs, a 
further improvement (52.8%) on the Rct value is 
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observed for Ni3S2@C/CNS (22.0 ) catalyst. Also, 
the Rct value of Ni3S2@C/CNS is even lower than 
that of the benchmark RuO2 catalyst (25.5 ). The 
small charge transfer resistance is consistent with 
the conclusion through the comparison of Tafel 
slope values, which can be ascribed to the tight 
binding between the Ni3S2 NPs and graphitic 
carbon layers, as demonstrated by the HRTEM (see 
Fig. 3(d)). Thus, the encapsulation of few graphitic 
carbon layers on Ni3S2 NPs can promote faster 
charge transfer during OERs. 

-

In addition to the kinetic study, the 
electrochemical active surface area of the catalyst 
was examined by comparing the electrochemical 
double-layer capacitance (Cdl) under non-Faradaic 
potential window [56]. The corresponding Cdl 

values of all the electrocatalysts were calculated 
from the cyclic voltammograms (Figs. 6(d) and S-6 
in the ESM) and presented in Fig. 6(e). The highest 
Cdl value of Ni3S2@C/CNS (23.4 mF cm-2) with 
respect to Ni3S2/CNS (6.6 mF cm-2), Ni3S2 (4.9 mF 
cm-2) and RuO2 (8.8 mF cm-2) indicates the largest
amount of electrocatalytic active sites. This is
because of the aggregation of Ni3S2 NPs can be
prohibited by the graphitic carbon layers on NPs
during the synthesis, which can, therefore, increase
the surface area of the catalyst. The high Cdl values
also confirm that the graphitic carbon layer is thin
enough to permit the reactant species onto the Ni3S2

surface and thereby desired OER catalysis.
Based on the aforementioned electrochemical 

measurements, Ni3S2@C/CNS shows improved OER 
activities due to the encapsulation of few graphitic 
carbon layers. It is worth noting that the 
performance of this novel Ni3S2@C/CNS 
electrocatalysts is also better than that of many 
other nickel sulfide catalysts reported to date for 
OERs (see Table S-1 in the ESM). 

Besides the thermodynamic and kinetics 
assessments, the electrocatalytic OER stability was 
also tested by chronopotentiometric (CP) 
measurement at the current density of 10 mA cm-2. 
As displayed in Fig. 6(f), Ni3S2@C/CNS showed 
impressive electrocatalytic durability in 1.0 M KOH 
electrolyte where the operating potential remained 
close to 1.537 V (vs. RHE) for 12 h of testing period. 
On the other hand, Ni3S2/CNS and Ni3S2 electrodes 
were found to be activated during the OER test, 
which is possibly related to the electrochemical 
conversion of Ni3S2 to its corresponding oxides or 
vice versa [8, 18, 19]. In contrast, the electrocatalytic 
performance of RuO2 was recorded to get decreased 
rapidly with time. Therefore, the steady state 
behaviour of Ni3S2@C/CNS catalyst in the CP test 
indicates the spontaneous protection of Ni3S2 NPs 
due to the few-layered graphitic carbon 
encapsulation. 

To identify the role of carbon encapsulation in 
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enhancing the electrocatalytic OER stability, XPS 
measurements were conducted on the sample used 
for the 12 h OER durability test. As evidenced by 
Fig. 7(a), the characteristic peak of Ni3S2 (852.4 eV) 
is retained for Ni3S2@C/CNS, whereas this XPS 
signals are disappeared for both Ni3S2/CNS and 
Ni3S2 samples. This scenario indicates the 
unavoidable electrochemical oxidation of Ni3S2 to 
hydrated nickel oxide in the absence of carbon 
encapsulation [14, 45]. 

Similar phenomenon was also observed from 
the S 2p XPS spectra (Fig. 7(b)). The sulfur species 
are found to be depleted for Ni3S2/CNS and Ni3S2 
samples. However, the S 2p spectrum for 
Ni3S2@C/CNS displayed almost unchanged XPS 
signal after the 12 h OER durability test, which 
suggests a negligible change in the sulfur chemical 
states. Therefore, it confirms that the encapsulation 
of few-layered graphitic carbon on Ni3S2 NPs has 
successfully secured the parent chemical structure 
and ensured an excellent electrocatalytic OER 
stability, as suggested by the CP measurements (Fig. 
6(f)). 

3 Conclusions 

In summary, the few-layered graphitic carbon 
encapsulated heazlewoodite nanoparticle catalyst 
supported on the 2D carbon nanosheet 
(Ni3S2@C/CNS) was successfully fabricated using a 
facile, cheap and one-step solid phase pyrolysis 
approach. The formation mechanism of 

Ni3S2@C/CNS was comprehensively studied using a 
combined TG/DSC-MS and XRD analysis, which 
demonstrates a sequence of chemical reactions 
occurring during the pyrolysis process. The 
electrocatalytic performances reveal the two-fold 
functions of carbon encapsulation. First, the smaller 
Tafel slope and charge transfer resistance compared 
to those of benchmark RuO2 and control samples 
suggest that the few-layered graphitic carbon can 
significantly improve electronic conductivity. Second, 
the remarkable electrocatalytic durability is achieved 
by avoiding the electrochemical oxidation of Ni3S2 
due to the protection of the graphitic carbon layers. 
We, therefore, believe that the encapsulation of 
metal-sulfide NPs by the few-layered conductive and 
chemically inert graphitic carbon is a feasible and 
effective way of enhancing the activity and 
durability of electrocatalysts for OER, which can also 
be useful to the molecular design of novel 
nanomaterials involved in energy conversion and 
storage applications. 
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Directly hydrothermal growth of ultrathin MoS2
nanostructured films as high performance counter
electrodes for dye-sensitised solar cells†

Mohammad Al-Mamun,a Haimin Zhang,*a Porun Liu,a Yun Wang,a Jun Caoac

and Huijun Zhao*ab

Ultrathin MoS2 nanostructured films with a surface exposed layered nanosheet structure were successfully

grown onto fluorine-doped tin oxide (FTO) conducting substrates by a facile one-pot hydrothermal

method. After calcination at 400 �C in argon, the resulting MoS2 films were directly used as counter

electrodes (CEs) for dye-sensitised solar cells (DSSCs), exhibiting excellent DSSC performance. The

hydrothermal reaction temperature and molar ratio of reaction precursors were found to have significant

influence on the resulting structure of MoS2, and thus the DSSCs performance. It was found that

ultrathin MoS2 nanostructured film with surface exposed layered nanosheet structures can be obtained

by hydrothermal treatment of a reaction solution including (NH4)6Mo7O24$4H2O and NH2CSNH2 with a

molar ratio of 1 : 28 at 150 �C for 24 h. The obtained MoS2 films as CEs for DSSCs showed the best light

conversion efficiency of 7.41%, which was superior to Pt-based DSSCs (7.13%). The excellent DSSC

performance could be due to high stability, good electrical conductivity, rich electrocatalytically active

sites, and good electrolyte transport properties of the fabricated MoS2 film with a surface layered

nanosheet structure. This study demonstrated the applicability of a facile hydrothermal approach for

direct growth of highly electrocatalytically active metal chalcogenide films as high performance CEs for

DSSCs.

Introduction

Development of low cost, resource abundant and highly catalyt-
ically active electrocatalysts as counter electrode (CE) materials
for dye-sensitised solar cells (DSSCs) has attracted great research
attention because of the high cost and the scarcity of Pt-based
electrocatalysts in conventional DSSCs.1,2 For DSSCs, a promising
electrocatalyst as a CE material should have the following
advantages: low cost, abundance, good electrical conductivity,
superior electrocatalytic activity and high stability.3,4 Low cost
and resource abundance can ensure the large-scale production
and application of the developed electrocatalyst for DSSCs.5Good
electrical conductivity and high electrocatalytic activity of the
electrocatalyst can provide superior electron transfer property
and high redox efficiency of iodide/triiodide couple, thus high
performance DSSCs.6 Also, high stability of an excellent

electrocatalyst is critically important to develop high efficiency
solar cells for long-term use.7 Based on the foregoing discussion,
searching more electrocatalysts as CE materials with the advan-
tages of the foregoing clarication is highly desired to develop
high performance DSSCs.

To date, tremendous efforts have been executed to explore
low-cost and resource abundant alternative materials to achieve
comparable electrocatalytic activities to Pt-based electro-
catalysts, such as carbonaceous materials,8–10 conducting poly-
mers,11 metal chalcogenides,12–14 nitrides,15 carbides3 and
phosphides.16 Many investigated materials as electrocatalysts
have shown great potential to replace Pt-based electrocatalysts
for DSSCs.17 Recently, molybdenum chalcogenide such as MoS2
has exhibited excellent performance as CE material for DSSCs.18

As a layered 2-dimensional material, MoS2 is traditionally used
as solid state lubricant and catalyst for hydrodesulfurisation
and hydrogen evolution reaction.19–21 Due to the analogue
structure to graphene and potential electrocatalytic activity,
MoS2 has been investigated to be a promising CE material for
DSSCs.13 In some reports, very thick MoS2 lms with opaque
property (ca. 3.0–20 mm in thickness) were fabricated to achieve
desired electrocatalytic activities and high solar cell efficien-
cies.13,14,22–25 Recently, varieties of MoS2-based composites such
as MoS2/graphene,14,22 MWCNT/MoS2,23 and MoS2/C25 have
become popular CE materials for DSSCs. Compared to pure
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MoS2 electrocatalyst, the composites exhibited signicantly
improved DSSCs performance.23,25 Amongst all investigated
MoS2-based DSSCs (see Table S1, ESI†), the highest light
conversion efficiency of 7.69% has been reported using an
opaque MoS2/C lm with 12 mm in thickness as CE material,
which is superior to Pt-based DSSCs (6.74%).25 To date, the
highest DSSCs efficiency of 7.59% can be reached using a pure
MoS2 as CEmaterial with a thickness of ca. 20 mm, however, this
performance is still lower than that of Pt-based DSSCs (7.64%).13

Very recently, few reports claimed to achieve MoS2 lms with
several hundred nanometres in thickness and good optical
transmittance,18,26 but the light conversion efficiencies of DSSCs
made of these MoS2 lm CEs are still lower than that of Pt-based
DSSCs. To avoid complex preparation process and achieve high
solar cell efficiency, development of pure MoS2 nanostructured
lm directly grown onto conductive substrate is deserved to be
further investigated.

Herein, we report a hydrazine assisted hydrothermal method
to directly grow ultrathin MoS2 nanostructured lm onto FTO
conductive substrate with surface exposed layered nanosheet
structure. Aer calcination at 400 �C in argon, the resulting
MoS2 lm as CE material for DSSCs exhibits an overall light
conversion efficiency of 7.41%, which is higher than that of Pt-
based DSSCs (7.13%). The superior DSSCs performance has
been investigated and explained by the measurements of cyclic
voltammetry (CV), electrochemical impedance spectroscopic
(EIS) technique and Tafel polarisation. Also, the effect of some
experimental parameters such as reaction temperature and the
molar ratio of reaction precursors on the MoS2 structure and
resulting solar cell performance has been investigated and
discussed in detail based on the experimental results.

Experimental section
Preparation of MoS2 nanostructured lms

The MoS2 nanostructured lms were directly grown onto uo-
rine-doped tin oxide (FTO) conductive substrates via a low-
temperature hydrothermal method. In a typical preparation,
different amount (2.84 mmol, 5.67 mmol, 11.34 mmol or 17.01
mmol) of NH2CSNH2 (ACS reagent,$99.0%) was rstly added to
24 mL of deionised water and then stirred for 1 h. The resulting
solution was clear with a pH of ca. 5.5. Subsequently, 0.405
mmol (NH4)6Mo7O24$4H2O (Reagent grade, Ajax Chemicals)
was added to the above solutions containing different amount
of NH2CSNH2, respectively, and further stirred for another 30
min. The resulting solutions were clear with a pH of ca. 5.0.
Finally, 6.0 mL of N2H4$H2O (35 wt% solution in water, ACROS
Organics) was added to the above solutions with vigorous stir-
ring for another 10 min. The pH of the nal solution was ca.
10.0. The mixture was then transferred into a 100 mL of Teon
lined autoclave and kept at different temperatures (120, 150,
180 and 210 �C) for 24 h. Prior to hydrothermal reaction, a piece
of pre-cleaned FTO conducting glass (15 U square�1, Nippon
Sheet Glass, Japan) with the conduction side facing up was
placed into the Teon lined autoclave. Aer hydrothermal
reaction, the autoclaves were allowed to cool down at room
temperature and the obtained products were rinsed with

adequate amount of deionised water and CS2, and then dried at
room temperature. The resulting products were further
annealed in a tube furnace at 400 �C for 1 h under continuous
ow of argon gas prior to solar cell fabrication. The prepared
MoS2 counter electrodes were denoted as MS–X–Y, where X is
reaction temperature and Y stands for molar ratio of reaction
precursors of (NH4)6Mo7O24$4H2O and NH2CSNH2.

Characterisation

Scanning electron microscope (SEM, JSM-7001F), transmission
electron microscopy (TEM, Philips F20), and X-ray diffraction
(XRD, Shimadzu XRD-6000 diffractometer) were used to char-
acterise the sample structure. Chemical compositions of the
samples were analysed by X-ray photoelectron spectroscopy
(XPS, Kratos Axis ULTRA incorporating a 165mmhemispherical
electron energy analyser).

Measurements

For a meaningful comparison, commercially available TiO2

nanoparticle lms (Dyesol, Australia) were used and pre-calci-
nated at 500 �C for 30 min in air before dye (N719, Dyesol, Aus-
tralia) adsorption for another 24 h. The dye-sensitised TiO2

photoanodes having an active area of 0.25 cm2 were further
assembled with the predrilled commercial platinum counter
electrodes (Dyesol, Australia) into a sandwich-type cell and then
sealed with a hot-melt gasket of the ionomer Surlyn® 1702
(Deysol, Australia). The DSSCs made of MoS2 counter electrodes
were also assembled as above. A 500 W Xe lamp (Trusttech Co.,
Beijing) with an AM 1.5G lter (Sciencetech, Canada) was used as
the light source. The Light intensity was measured by a radiant
power meter (Newport, 70260) coupled with a broadband probe
(Newport, 70268). The photovoltaicmeasurements of DSSCs were
recorded by a scanning potentiostat (Model 362, Princeton
Applied Research, US). Cyclic voltammograms (CVs) were recor-
ded using CHI 760D (CH Instruments, Inc.) in the voltage range
of �0.40–1.2 V (vs. Ag/AgCl reference electrode) at a scan rate of
100 mV s�1. The electrolyte for CVmeasurements consisted of 10
mM LiI, 1 mM I2 and 0.1 M LiClO4 in acetonitrile.13,27 A platinum
mesh was used as counter electrode. A symmetrical dummy cell,
consisting of two identical MoS2 lms (or Pt electrodes), was
prepared. These dummy cells containing the same operating
electrolyte used for DSSCs were utilised for measuring electro-
chemical impedance spectroscopic (EIS) and Tafel polarisation
curves. The EIS experiments were conducted with an impedance
analyser (CHI 760D, CH Instruments, Inc.). The frequency range
was 105 to 10�1 Hz where the perturbation amplitude was 10 mV.
All measurements were carried out at room temperature in dark
condition. Tafel polarisation curves were recorded by electro-
chemical workstation (CHI 760D, CH Instruments, Inc.) in two
electrode system with a scan rate of 10 mV s�1.

Results and discussion
Structure characteristics

The MoS2 lms with different structure were directly grown
onto FTO conductive substrates by a facile one-pot
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hydrothermal method. In the process of hydrothermal reaction,
hydrazine is believed to initially act as a ligand to form hex-
avalent molybdenum complex, which can effectively inhibit the
quick hydrolysis of (NH4)6Mo7O24$4H2O in reaction solution,
benecial for the formation of MoS2 structure.28 Furthermore,
hydrazine can act as a mild reducing agent to reduce Mo6+ to
Mo4+ (eqn (1)), and then Mo4+ ions react with S2� originated
from the decomposition of thiourea under hydrothermal
condition to form molybdenum disulphide in the reaction
solution (eqn (2)–(4)).29 The molar ratios of reaction precursors
and reaction temperature have important inuence on the
morphology and composition of the resulting products, which
deserves a further investigation.

Mo6+ +2NH2–NH2 + 2OH� / Mo4+ + 2H2O + 2N2[ (1)

CH4N2S + OH� / SH� + CH2N2 + H2O (2)

SH� + OH� / S2� + H2O (3)

Mo4+ + 2S2� / MoS2 (4)

Fig. 1 shows the XRD patterns of as-synthesised sample
fabricated at 150 �C for 24 h (MS-150-28) and calcined
samples with different molar ratios of reaction precursors of
(NH4)6Mo7O24$4H2O and NH2CSNH2. As shown, all calcined
samples (curves b–e) exhibit a hexagonal MoS2 crystal struc-
ture (JCPDS 75-1539).13 Moreover, all calcined samples
display a strong (002) diffraction peak at 2q ¼ 13.5�, indi-
cating a well-stacked layered nanosheet structure.30 Obvi-
ously, the crystallinity of the fabricated samples is
signicantly improved aer calcination (take unsintered MS-
150-28 as a comparison, curve a in Fig. 1), which may be
favourable to improve the electron transfer property of the
sample, thus DSSCs performance.

Fig. 2A–D shows the surface and cross-sectional SEM images
of the calcined samples (MS-150-7, MS-150-14, MS-150-28 and
MS-150-42). As shown, the MS-150-7 exhibits uniform lm
surface with nanoparticle structure (Fig. 2A). With increasing
themolar ratio of (NH4)6Mo7O24$4H2O and NH2CSNH2, the lm
surface starts to appear strip-like structure (MS-150-14, Fig. 2B).
When the molar ratio of (NH4)6Mo7O24$4H2O and NH2CSNH2 is
set at 1 : 28, more compact and short strip-like structure can be
observed, as shown in Fig. 2C. Further increasing the molar
ratio, strip-like surface structure disappears and compact
nanoparticle surface can be observed again (MS-150-42). The
above results indicate that the molar ratio of reaction precur-
sors in reaction solution is critically important on the
morphology of the sample. TEM characterisation reveals that
the surface strip-like structure is actually layered nanosheet
structure for MS-150-28 (Fig. 2E). Similar result can be also
obtained for MS-150-14. High-resolution TEM image displays a
well layered crystal structure with an interlayer distance of the
(002) plane of 0.62 nm (Fig. 2E), which is consistent with the
hexagonal lattice of the 2H–MoS2 phase.31 This layered crystal
structure may be benecial for improving the electrolyte
transport property in solar cell application.32 As shown in
Fig. 2E, the top exposed nanosheet structure lm has a thick-
ness of ca. 18 nm and the bottom structure is compact MoS2

Fig. 1 XRD patterns of as-synthesised sample fabricated at 150 �C for
24 h (a, MS-150-28) and calcined samples with differentmolar ratios of
reaction precursors fabricated at 150 �C for 24 h (curves b–e). The
calcination temperature was 400 �C.

Fig. 2 SEM and TEM images of the calcined samples with different
molar ratios of reaction precursors fabricated at 150 �C for 24 h. (A)
MS-150-7; (B) MS-150-14; (C) MS-150-28; (D) MS-150-42; (E) HRTEM
image of MS-150-28. The calcined temperature was 400 �C.
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particle structure for MS-150-28. For all investigated samples, it
is found that the whole lm thickness is about 0.4–0.5 mm,
which is less than that of most reported results.13,14,22,23,25 The
thinner MoS2 lms in all fabricated samples exhibited semi-
transparent optical property.

When the molar ratio of (NH4)6Mo7O24$4H2O and
NH2CSNH2 was xed at 1 : 28, the effect of the hydrothermal
temperature on the morphology of the sample was also inves-
tigated. Fig. S1 (ESI†) shows the surface SEM images of MS-120-
28, MS-180-28 and MS-210-28 aer calcination. As shown, MS-
120-28 exhibits a uniform surface structure composed of
nanoparticles. With increasing reaction temperature, compact
strip-like surface structure can be observed at hydrothermal
temperature of 150 �C (MS-150-28, Fig. 2C), which has been
conrmed as nanosheet structure. Further increasing reaction
temperature to 180 �C and 210 �C, relatively loose lm with
strip-like structure can be observed, especially for MS-210-28.
The lm with relatively loose nanosheet structure may not be
benecial for providing more catalytic active sites in compar-
ison with the compact nanosheet surface structure as CE
material for DSSCs.

In this work, X-ray photoelectron spectroscopy (XPS) was
applied to investigate the elemental surface composition of the
samples fabricated at 150 �C with different precursor molar
ratios. The surface survey spectra demonstrate that all investi-
gated samples are composed of C, Mo, S and a small amount of
O (Fig. S2 in ESI†). The O element is possibly ascribed to the
incomplete reduction of the samples during thermal treat-
ment.33 Fig. 3 shows the high resolution XPS spectra of Mo and S
of the calcined samples including MS-150-7, MS-150-14, MS-
150-28 andMS-150-42. As shown, two peaks at around 229.5 and
232.7 eV can be attributed to the presence of the doublet of Mo
3d5/2 and Mo 3d3/2,34 revealing that Mo4+ state is dominant in
the calcined samples and meaning the formation of MoS2. It is
worthwhile to mention that a small number of Mo6+ state is still
present for the calcined samples, which is possibly due to the
incomplete reduction during hydrothermal reaction, similar
with the reported results.35 The high resolution XPS spectra of S
for all calcined samples display the binding energy at around
226.8, 162.4 and 163.6 eV, which are assigned as S 2s, S 2p3/2
and S 2p1/2, respectively.36 It should be noted that an energy
peak at around�169 eV was observed only for MS-150-42, which
is probably due to the presence of oxidised sulphur originated
from excess precursor containing S.37 Nevertheless, there are no
distinguishable peaks for other samples at the same peak
position, indicating an apt amount of reaction precursor is
important to form completely MoS2. The element compositions
of the calcined samples with different precursor molar ratio are
shown in Table 1. It can be seen that the atomic ratio of S and
Mo is in the range of 1.90 to 1.96, which approaches the theo-
retical value of MoS2, meaning the samples to be stoichiometric
MoS2.

DSSCs performance

As a promising electrocatalyst, MoS2-based material has been
widely investigated as CE material for dye-sensitised solar cells

(DSSCs).13,18 In this work, the fabricated MoS2 products were
also evaluated as CE materials for DSSCs. Fig. 4 shows the
photocurrent (Jsc)–photovoltage (Voc) curves of DSSCs assem-
bled with the calcined MoS2 CEs fabricated at 150 �C with
different precursor molar ratios. The obtained photovoltaic
performance characteristics are summarised in Tables 2 and S2
(ESI†). In this work, each experimental condition was investi-
gated concurrently with three parallel electrode samples for
DSSCs measurements. The chosen data in Table 2 are all close

Fig. 3 High resolution Mo and S XPS spectra of MoS2 samples with
different molar ratios of reaction precursors fabricated at 150 �C for 24
h followed by calcination at 400 �C. (A and B) MS-150-7, (C and D) MS-
150-14, (E and F) MS-150-28 and (G and H) MS-150-42.

Table 1 Composition of MoS2 samples prepared at different precursor
molar ratios

Samples

Elements (At.%)

S/MoO C Mo S

MS-150-7 16.34 36.32 16.33 31.01 1.90
MS-150-14 14.79 33.89 17.60 33.71 1.92
MS-150-28 17.71 42.35 13.58 26.35 1.94
MS-150-42 20.33 55.13 8.28 16.26 1.96
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to the average values of DSSCs under each experimental
condition. When the hydrothermal temperature was xed at
150 �C, it was found that the Voc has no obvious change for MS-
150-7, MS-150-14, MS-150-28 andMS-150-42 (Fig. 4 and Table 2).
However, the Jsc and FF values initially increase with precursor
molar ratio, and then decrease with further increasing
precursor molar ratio (MS-150-42). It was found that the DSSCs
based on the MS-150-28 CE achieves a short-circuit current
density (Jsc) of 18.37 mA cm�2, an open-circuit voltage (Voc) of
698 mV, a ll factor (FF) of 57.8% and an overall light conver-
sion efficiency (h) of 7.41%, the highest efficiency amongst all
investigated MoS2 based DSSCs in this work. These superiorly
photovoltaic parameters achieved by DSSCs made of MS-150-28
CE can possibly be attributed to the high electrocatalytic activity
and good electrical conductivity of the MS-150-28, which
deserves a further investigation. The above results also reveal
that an apt precursor ratio is critically important to obtain MoS2
catalyst with high electrocatalytic activity, thus high perfor-
mance DSSCs. When the molar ratio of the reaction precursors
was xed at 1 : 28, the Jsc–Voc characteristic curves of the DSSCs
prepared with MS-120-28, MS-180-28 and MS-210-28 are shown
in Fig. S3 (ESI†), and the corresponding photovoltaic parame-
ters are also summarised in Table 2. Similarly, the Voc values

have no obvious change for all investigated samples compared
to MS-150-28. However, the FF value of the MoS2 sample syn-
thesised at higher hydrothermal temperature is apparently
better than that of the MoS2 sample synthesised at lower
hydrothermal temperature, which may be due to better elec-
trical conductivity and improved contact between the conduct-
ing substrate and MoS2 catalyst at high hydrothermal
temperature. The best light to electrical conversion efficiency
obtained by DSSCs assembled with MS-150-28 indicates that the
hydrothermal temperature is also signicant to obtain high
efficiency MoS2 electrocatalyst, thus high performance DSSCs.
In this work, commercially available Pt electrode was also
measured in DSSCs for a comparison. An overall light conver-
sion efficiency of 7.13% can be achieved using DSSCs made of
Pt-based CEs. Obviously, the solar cell made of MS-150-28
counter electrode possesses higher efficiency than that of solar
cell assembled with commercial Pt electrode, indicating a great
potential of pure MoS2-based electrocatalyst for photovoltaic
application. The high solar cell performance can be further
investigated and explained by the measurements of electro-
catalytic activity of MoS2-based CEs.

Electrocatalytic properties

Cyclic voltammetry (CV) is considered to be one of the powerful
electrochemical tools to investigate the electrocatalytic activity
of electrocatalysts as reported in many literatures.38 Fig. 5 shows
the cyclic voltammetry (CV) curves of the MoS2 samples syn-
thesised at 150 �C with different precursor molar ratios. For
comparison, commercially available Pt electrode was also
measured. As shown, for all investigated counter electrodes
(CEs), two redox pairs are visible in the CV curves, where the le
pair is associated with the redox reaction of I3

�/I�, and the right
pair is related to the redox reaction of I2/I3

�.39 It is well known
that the electrocatalytic activity of an electrocatalyst for redox
reaction of I3

�/I� in a solar cell can be evaluated in terms of its
cathodic peak potential (Epc), cathodic peak current (Ipc) and
peak to peak voltage separation (Epp).8 Higher Ipc, more positive

Fig. 4 Photovoltaic characteristics of the DSSCs with different MoS2
counter electrodes prepared under different molar ratios of reaction
precursors at 150 �C.

Table 2 Photovoltaic parameters, charge transfer resistance and
exchange current density of various MoS2-based counter electrodes

Counter
electrodes

Voc
(mV)

Jsc
(mA cm�2)

h

(%)
FF
(%)

Rct
(U cm2)

Jo
(mA cm�2)

MS-150-7 691 13.92 3.70 38.5 1.72 1.71
MS-150-14 702 15.17 4.97 46.7 1.34 6.19
MS-150-28 698 18.37 7.41 57.8 0.619 6.47
MS-150-42 673 13.44 4.96 54.9 1.45 4.20
MS-120-28 708 14.25 5.52 54.8 0.948 5.78
MS-180-28 709 16.33 7.15 61.7 0.776 5.79
MS-210-28 709 12.76 5.47 60.5 0.861 5.52
Pt 722 16.78 7.13 58.8 3.78 1.94

Fig. 5 CVs of the MoS2 counter electrodes prepared with different
molar ratios of reaction precursors at 150 �C.
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Epc and lower Epp values mean better electrocatalytic activity of a
CE for the reduction of I3

� ions in the corresponding DSSCs.40

As shown in Fig. 5, the Ipc values of the investigated CEs with
different molar ratios (Fig. 5) and different hydrothermal
temperatures (Fig. S4, ESI†) are better than that of Pt CE. For
all investigated CEs, MS-150-28 exhibits the highest Ipc value,
and more positive cathodic peak potential (Epc) position.
Although MS-150-14 and MS-180-28 show slightly narrower Epp
values than that of MS-150-28, it is believed that the higher Ipc
of MS-150-28 contributes higher electrocatalytic activity (Fig. 5
and S4 in ESI†). Overall, MS-150-28 CE shows the highest
cathodic peak current density, more positive Epc and narrowed
Epp, indicating the MS-150-28 CE has better electrocatalytic
activity compared with other CEs. The superior electrocatalytic
activity of MS-150-28 could be due to the surface exposed
nanosheet crystal structure possessing rich catalytic active
sites and layered structure favourable for electrolyte trans-
port.41 Aer scanning 100 times (Fig. S5, ESI†), the CVs results
show that the electrocatalytic performance of MS-150-28 has
no obvious loss, indicating good catalytic stability of the
electrocatalyst.

Tafel polarisation measurements were conducted to
correlate the cathodic peak current density with the resistance
variation of the MoS2-based counter electrodes with different
molar ratios and different hydrothermal temperatures, as
shown in Fig. 6 and S6 (ESI†). For comparison, commercial Pt
electrode was also measured. The exchange current densities
(Jo) of the different counter electrodes were calculated from
the tangent slopes of the corresponding Tafel curves and lis-
ted in Table 2. The variation of Jo is closely associated with the
charge transfer resistance (Rct) according to the eqn (5) and
(6).38 Apparently, MS-150-28 displayed the exchange current
density of 6.47 mA cm�2, which is the highest among all
investigated CEs in this work, and is almost 3.34 times of
commercial Pt CE.

Jo ¼ RT

nFRct

(5)

D ¼ l

2nFC
Jlim (6)

where D is the diffusion coefficient of the triiodide, l is the
spacer thickness; R, F and n represent their usual meaning.

The electrochemical properties of the MoS2-based CEs with
different molar ratios and different hydrothermal temperatures
were further studied by using electrochemical impedance
spectroscopic (EIS) technique (Fig. 7 and S7 in ESI†). The EIS
measurements were conducted using symmetric cells fabri-
cated with two identical MoS2 electrodes.42 For all investigated
CEs, the Nyquist curves show two semicircles (le-higher
frequency region and right-lower frequency region). The high
frequency intercept on the real axis represents the ohmic series
resistance (Rs).38 The semicircle in the high frequency region
corresponds to the charge-transfer process (Rct) of electrolyte/
electrode interface, while the semicircle in the low-frequency
region is due to the Nernst diffusion process of triiodide ions.43

As shown in Fig. 7 and S7 (ESI†), MS-150-28 exhibits the
smallest Rs value amongst all investigated electrodes, meaning
superior electrical conductivity, which is critically important for
improving DSSCs performance. Further, the charge-transfer
resistance Rct values in the MS-150-7, MS-150-14, MS-150-28,
MS-150-42, MS-120-28, MS-180-28, MS-210-28 and commercial
Pt are calculated to be 1.72, 1.34, 0.619, 1.45, 0.948, 0.776, 0.861
and 3.78 U cm2, respectively (see Table 2). The smallest Rct

(0.619 U cm2) value indicates that the MS-150-28 has a superior
electrocatalytic activity compared to other investigated CEs
including commercial Pt electrode.13,32 The above results are in
agreement with Tafel curves and CV measurements.

Conclusions

In this work, an ultrathin MoS2 lm with exposed layered
nanosheet structure was successfully prepared by low temper-
ature hydrothermal method using uorine-doped tin oxide
(FTO) conducting glass as substrate. Aer calcination, the
resulting MoS2 lm was directly used as counter electrode
material for dye-sensitised solar cells (DSSCs), exhibiting an
overall light conversion efficiency of 7.41%, which was superior
to that of Pt-based DSSCs (7.13%). The high solar cell perfor-
mance could be ascribed to the good electrical conductivity and

Fig. 6 Tafel polarisation curves of the MoS2 counter electrodes
prepared with different molar ratios of reaction precursors at 150 �C.

Fig. 7 Nyquist plots of the dummy cells fabricated with two identical
electrodes prepared at 150 �C with different molar ratios in I3

�/I�

electrolyte. Inset is the equivalent circuit model and Nyquist plot of Pt.
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rich catalytic active sites providing by the MoS2 nanosheet
crystal structure. The layered nanosheet structure was favour-
able for electrolyte transport, also contributing high solar cell
efficiency. Our ndings demonstrated the feasibility of devel-
oping low-cost and abundant metal chalcogenide electro-
catalysts with high catalytic activity and stability by a facile
hydrothermal method to replace Pt-based electrocatalysts for
photovoltaic application.
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Table S1 A partial literature review of the DSSCs performance assembled with MoS2 based 

counter electrodes.

Counter
Electrodes

PCEs (%) 
composite

PCEs (%)  
Pure  MoS2

PCEs (%) 
Pt

Thickness 
(µm)

T 
(%)

Refs.

MoS2 ― 7.59 7.64 20 Opaque 1

MoS2/graphene 5.98 ― 6.23 6 Opaque 2

MoS2/graphene 6.04 5.09 6.38 4 Opaque 3

MWCNT/MoS2 6.45 4.99 6.41 20 Opaque 4

MoS2–C 7.69 5.36 6.74 12 Opaque 5

MoS2–GNS 5.81 4.15 6.24 0.25-3.0 0-70 6

MoS2 ― 7.01 7.31 0.1 ― 7

MoS2/GF 6.07 4.10 6.41 6 Opaque 8

MoS2 ― 5.41 6.58 0.4 >80 9

MoS2 ― 7.41 7.13 0.49 56 Present study 
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Table S2 Photovoltaic parameters of three parallel DSSCs prepared by various MoS2-

based counter electrodes showing the average values with standard deviation. 

CEs Voc 

 (mV) 

Jsc  

(mA cm
-2

) 

Ƞ 

(%) 

FF 

 (%) 

MS-150-7 

691 

689 

692 

690±1.52 

13.92 

13.82 

13.95 

13.89±0.07 

3.70 

3.60 

3.71 

3.67±0.06 

38.5 

37.9 

39.2 

38.5±0.65 

MS-150-14 

702 

703 

702 

702±0.58 

15.17 

15.21 

15.16 

15.18±0.02 

4.97 

4.99 

4.95 

4.97±0.02 

46.7 

46.9 

45.8 

46.5±0.59 

MS-150-28 

698 

690 

701 

696±5.69 

18.37 

18.40 

17.97 

18.24±0.24 

7.41 

7.40 

7.38 

7.40±0.02 

57.8 

57.2 

56.5 

57.2±0.65 

MS-150-42 

673 

679 

670 

674±4.58 

13.44 

13.45 

13.35 

13.41±0.06 

4.96 

4.95 

4.90 

4.94±0.03 

54.9 

54.2 

53.8 

54.3±0.58 

MS-120-28 

708 

709 

709 

709±0.58 

14.25 

14.30 

14.00 

14.18±0.16 

5.52 

5.54 

5.49 

5.52±0.03 

54.8 

55.1 

54.0 

54.6±0.57 

MS-180-28 

709 

708 

710 

709±1.00 

16.33 

16.10 

15.95 

16.13±0.19 

7.15 

7.10 

7.12 

7.12±0.03 

61.7 

60.2 

61.1 

61.0±0.75 

 MS-210-28 

709 

709 

708 

709±0.58 

12.76 

12.05 

12.95 

12.59±0.47 

5.47 

5.42 

5.48 

5.45±0.03 

60.5 

58.2 

60.7 

59.8±1.39 

Pt 

722 

729 

718 

723±5.57 

16.78 

15.90 

16.98 

16.55±0.57 

7.13 

7.09 

7.19 

7.13±0.05 

58.8 

57.2 

56.9 

57.6±1.02 
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Fig. S1 Surface SEM images of MoS2 samples prepared with fixed precursor molar 

ratio of 1:28 at different reaction temperatures. (A) 120 °C, (B) 180 °C and (C) 210 °C.  
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Fig. S2 Survey XPS spectra of MoS2 film prepared at 150 °C under the reaction 

precursor molar ratio of 1:28. 
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Fig. S3 Photocurrent-voltage curves of DSSCs assembled with different MoS2 counter 

electrodes prepared under different hydrothermal reaction temperatures at fixed 

precursor molar ratio of 1:28. 
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Fig. S4 Cyclic voltammograms (CVs) of MoS2 electrodes prepared at different 

hydrothermal reaction temperatures with fixed precursor molar ratio of 1:28. 
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Fig. S5 A consecutive 100 cyclic voltammograms (CVs) for I3
‒
/I
‒ 

redox system using 

MS-150-28 electrode at a scan rate of 100 mV s
-1

. 
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Fig. S6 Tafel polarisation curves of MoS2 electrodes prepared at different hydrothermal 

reaction temperatures with fixed precursor molar ratio of 1:28. 
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Fig. S7 Nyquist plots of the dummy cells fabricated with two identical MoS2 electrodes 

prepared at different hydrothermal reaction temperatures with fixed precursor molar 

ratio of 1:28. Symbols represent the experimental data and solid lines represent the 

model fitting. 
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Chapter 7.  Conclusions and Future Work 

7.1 Conclusions 

The major outcomes of this research project include:  

(1) Rational design and fabrication of nanostructured earth-abundant electrocatalysts 

for electrocatalysis, specifically for oxygen evolution reaction (OER) and triiodide 

reduction reactions (IRR).  

(2) Development of a generic one-step synthesis method to prepare transition metal-

based electrocatalysts; 

(3) Improvement of the electronic conductivity of the nanocomposite systems through 

sophisticated connectivity among the active material and nanostructured carbon 

matrix; 

(4) Retention of higher concentration of electrocatalytic active sites in spinel type 

binary oxide by nanostructured carbon prepared through a concurrent growth 

approach; 

(5) Optimisation of the surface atoms’ reactivity in terms of surface electronic 

structure by surface sulfur doping, beneficial for OER electrocatalysis; 

(6) Preparation of cobalt and nickel sulfide nanoparticles with carbon nanostructures 

in the form of nanocomposite, as efficient and durable electrocatalysts for OER; 

and 

(7) Fabrication of semi-transparent and ultrathin nanostructured MoS2 films, as highly 

efficient and stable electrocatalysts for IRR. 

The research work presented in this thesis has described the rational design of 

nanostructured earth-abundant electrocatalysts for electrocatalytic application in OER 

and IRR, which can eventually be used in energy conversion applications. The research 
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results have successfully satisfied the primary research objectives – the details of which 

are briefly discussed below: 

Chapters 2, 3, 4 and 5 demonstrated a novel one-step concurrent growth approach 

via a modified molten-salt calcination method to fabricate a series of efficient 

nanostructured earth-abundant electrocatalysts for OER. Through the fabrication 

method developed in this study, we have successfully prepared CoCr2O4/CNS, S-

Co/CNS, Co9S8/CNS and Ni3S2@C/CNS electrocatalysts for OER electrocatalytic 

applications. 

Chapter 2 discussed the importance of strongly coupled CoCr2O4/carbon 

nanosheet (CoCr2O4/CNS) composites compared to pristine spinel-type CoCr2O4 

nanoparticles. These concurrently grown CoCr2O4 and carbon nanostructures (CNS) 

possess the intimate contacts needed for improved electrocatalytic OER performances. 

In addition, the combined experimental and theoretical study helps us to understand that 

the CNS preserved the larger extent of low coordination surface oxygen atoms in 

CoCr2O4, which are the active sites for electrocatalytic OER. 

Chapter 3 integrated the theoretical mechanistic understanding of surface 

electronic structures up to the atomic level and the experimental surface sulfur doping 

approach to turn the moderately active metallic Co electrocatalyst into an efficient one. 

The manipulation of the surface electronic structure of the metallic Co catalyst was 

successfully demonstrated to be an efficient way of enhancing electrocatalytic 

performance of metal catalysts. The surface sulfur doping was capable of optimising the 

surface Co atoms’ reactivity, and improved OER performance compared to that for 

pristine metallic Co catalysts. 

Chapter 4 implemented the one-step modified molten-salt calcination method to 

synthesise hexagonal shaped nanocrystalline pure cobalt pentlandite (Co9S8) 
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nanoparticles nested on carbon scaffold for the first time. The as prepared material 

system was also tested for electrocatalytic OER activity in alkaline solutions. The 

obtained OER performance is, to the best to our knowledge, the best of any cobalt-

based chalcogenide electrocatalysts reported to date. 

Chapter 5 further validated the diversity of the one-step modified molten-salt 

calcination technique to prepare few-layered graphitic carbon encapsulated Ni3S2 

nanoparticles on CNS (Ni3S2@C/CNS). This hybrid system was reasonably stable at the 

anodic potential required for OER. In addition, the few-layered graphitic carbon 

encapsulation with the thickness of several nanometres enhanced electronic 

conductivity and electrocatalytic stability in alkaline solutions. 

Chapter 6 described a facile and simple one-step hydrothermal method to grow an 

ultrathin MoS2 nanostructured film directly on F-doped tin oxide (FTO) glass substrate 

for electrocatalytic IRR in dye-sensitised solar cells (DSSCs). Excellent electrocatalytic 

performance and stability was achieved using this MoS2-loaded FTO-glass electrode, 

which is one of the best results among all MoS2-based electrocatalysts reported to date 

for DSSCs. 

7.2 Future Work 

This thesis has concentrated on the rational design of nanostructured earth-abundant 

electrocatalysts by a one-step synthesis method and their application in electrocatalytic 

OER and IRR. Although the intended purposes were primarily achieved in this research 

project, there are a number of related issues and follow-up studies that require further 

investigation and in-depth understanding in future. The details are given as follows: 

 The one-step synthesis method developed in this study can be further explored to 

prepare a wide variety of nanostructured materials for energy conversion and 
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storage applications. In addition, depending on the target material, this synthesis 

method may be capable of undergoing systematic and scientific manipulation to 

facilitate the fabrication of novel nanostructured materials for many other 

applications in real devices. 

 Although the carbon nanostructures were supportive for improving the

concentration of electrocatalytic active sites in binary spinel-type oxide and the

overall conductivity of the nanocomposite, the carbon itself was not found in its

pure graphitic form. Hence, the full use of enhanced electronic conductivity in the

composite system is somewhat limited and warrants further investigation in

future.

 The surface sulfur doping approach was an effective way of altering the surface

electronic structure leading to improved electrocatalytic activity. However,

precise control of the surface doping level may offer further benefit in improving

electrocatalytic activity of other transition metal catalysts, including cobalt for

various electrocatalytic applications.

 Although, two transition metal-based sulfides (Co9S8 and Ni3S2) were prepared

using the method developed in this study, there are a number of transition metal

sulfides such as FeS2, VS2, and WS2 that may also be fabricated using this

sulfidation approach.

 Last but not least, the nanocomposite-based materials prepared via this concurrent

growth approach remain a relatively less explored area, such as for

lithium/sodium ion batteries, metal-air batteries, supercapacitors, fuel cells, and

solar cells.
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