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Introduction 

The development of efficient electrocatalysts to lower the overpotential of oxygen evolution 

reaction (OER) is of fundamental importance in improving the overall efficiency of fuel 

production by water electrolysis. Among a plethora of catalysts being studied on, transition metal 

oxides / hydroxides that exhibit reasonable activity and stability in alkaline electrolyte have been 

identified as catalysts to potentially overpass the activity of expensive Ir- and Ru- based oxides. 

Understanding the oxygen evolution reaction (OER) for transition metal oxides / hydroxides in 

alkaline electrolytes paves the way for better design of low cost and highly efficient 

electrocatalysts. As discussed by Trasatti, “A true theory of electrocatalysis will not be available 

until activity can be calculated a prior from some known properties of the materials”. Substantial 

efforts have been devoted to understanding the factors that determine the OER activity and 

searching for activity descriptors. Different parameters have been studied throughout the years 

and descriptors including enthalpy of transition from a lower to higher oxide states, the binding 

energy of surface oxygen, the number of 3d electron for bulk transition metal cations, eg 

occupancy number of transition metal cations and covalency bonding transition metal ions to 

oxygen have been reported as OER activity descriptors. However, for some very active transition 

metal oxides / hydroxides, their surface can be changed when interacting with the surrounding 

electrolyte. Hence, interfacial descriptors, examples including surface redox transition from 

lower to higher oxidation state of the oxide precedent to OER, the potential of zero charge or the 

change in a work function on the adsorption through the water layer have been developed. This 

dissertation, with three different work on Co-based oxides / hydroxides, studies and deepens the 

understanding of the bulk properties, surface properties of materials and interfacial properties on 

OER. Firstly, with Fe substitution, it addresses tuning the eg configuration of metal cations in 

LaCoO3 where adjusting the metal 3d oxygen 2p covalency can bring benefits to the OER 

performance. Secondly, with Ni substitution in ZnCo2O4, it demonstrates a change in relative 

position of O p-band and MOh d-band centre which induces a change in stability as well as the 

possibility for lattice oxygen to participate in the OER. Stable ZnCo2-xNixO4 with small amount 

of Ni substitution follows adsorbates evolving mechanism (AEM) under OER conditions. Lattice 

oxygen participate (LOM) in the OER of metastable ZnCo2-xNixO4 with larger amount of Ni 

substitution. Lattice oxygen participating mechanism would give rise to the continuous 
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formation of oxyhydroxide as surface-active species and consequently enhance the OER activity. 

Finally, with La1-xSrxCoO3 series, CoOOH and Fe-containing CoOOH as examples, the impact 

of the electrolyte has been explored by the study of reaction kinetics parameters. With a better 

understanding of how material properties and dynamic environment influence the OER activity 

and mechanism, we can obtain more efficient OER catalysts for better energy infrastructure. 
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1 Chapter 1  
 

Introduction  
 

Understanding the oxygen evolution reaction (OER) for transition metal oxides in 

alkaline electrolytes paves the way for designing better low cost and highly 

efficient electrocatalysts. Chapter 1 presents the significance to probe the 

mechanism of electrocatalysts by studying how the material properties are 

correlated to the OER performance in the fundamental research on OER oxide 

electrocatalyst. With Co based transition metal oxides/hydroxides as examples, 

through fundamentals on materials properties, varies material characterization 

techniques and DFT modeling, multi-dimensional material properties can be fully 

understood. The findings of the impact on OER activity by intrinsic bulk properties, 

surface evolution and the interaction with water surroundings shed light on 

rational design on electrocatalysts.  
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1.1 Hypothesis/Problem Statement 
 

The combustion of fossil fuels has brought up severe issues related to environmental pollution. 

Besides, the reserve for fossil fuels is not able to fulfill the worldwide energy demand. Hence, 

environmentally friendly sustainable energies are in great need. Hydrogen is one of the green 

energies which can be consistently produced by a clean way through water electrolysis. The 

current limitation related to the overall efficiency of water electrolysis lies in the large 

overpotential of the anode side, which is the oxygen evolution reaction (OER).1 As for any 

reaction, the reaction rate is correlated to the activation energy barrier following a so-called 

linear free energy relationship; this barrier can be decreased by the use of a catalyst.2 IrO2 and 

RuO2 have been used in industry to minimize the overpotential on the anode. However, their 

high cost but more importantly low abundance has hampered the large-scale deployment of 

water electrolyzers.3 Researchers have thus focused on searching for cost friendly 

electrocatalysts such as transition metal oxides/hydroxides to improve the efficiency for OER 

reaction. In order to rationally design highly active electrocatalysts, understanding the OER 

mechanism on the surface of different electrocatalysts is of prime importance. For a typical OER 

process in alkaline solution, a four-step reaction happens on the surface of a metal 

oxide/hydroxide catalyst, which involves the consecutive formation of different intermediates. 

The optimal binding energy of these intermediates gives raise to optimized OER activity.4 As the 

binding strength of these intermediates are governed by the electronic structure of the metal 

oxides, adjusting the electronic structure proves a powerful strategy to tune the OER activity. 

Hence, studies have found that when decreasing the eg occupancy of the transition metal oxides, 

the binding energy increases. When eg occupancy is around 1.2, the catalyst exhibits the best 

OER activity.3 Besides, the energy level of oxygen also influences the binding strength of the 

intermediates. When the oxygen level is increased, the metal and oxygen covalency is 

enhanced,5 leading to an increased OER activity. However, when the oxygen energy level is too 

closed to the Fermi energy, catalysts are found to be unstable and their surface undergoes surface 

evolution. An operando study has revealed that the surface evolution of Ba0.5Sr0.5Co0.8Fe0.2O3 

(BSCF)6 with the leaching of the soluble species (Ba2+, Sr2+) and metal cations (Co2-3+ and Fe2-

3+) into the solution that redeposit back to the surface, resulting in the formation of an 
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oxyhydroxide layer.7 This new layer contributes to the high OER activity of BSCF. For these 

surface reconstructed OER catalysts, including La1-xSrxCoO3-δ (LSCO) (x>0.5), LaNiO3, 

ZnFe0.4Co1.6O4 etc.,8–10 a pH dependent phenomenon has been observed in alkaline solution. 

When the pH value is increased from 12.5 to 14, the OER activity increased. This has been 

found to be a result from kinetically limited proton transfer, following a so-called non-concerted 

proton-electron transfer.11 Besides that, the OER kinetics is found to be dependent on the nature 

of the alkaline cations in the electrolyte for many transition metal hydroxide electrocatalysts such 

as Ni(Fe)OOH. With different cation species in the electrolyte, the OER activity of the catalyst 

can be adjusted. A DFT modeling has found the cation insertion into the layered structure to 

form a Ni(Fe)-OO--- M+ intermediate which can change the electronic structure of the OER 

catalysts.12 Operando study by Raman also found that by using cation with bigger size, such as 

Cs+, there is better stabilization to the Ni-OO--- Cs+ intermediate, hence better OER activity.13  

In this thesis, Co based transition metal oxides/hydroxides is focused on. Tailoring the electronic 

structure can be rationalized by substitutions strategies in existing transition metal 

oxides/hydroxides. Co-based oxides/hydroxides have been identified as active towards OER, 

which structure provides large freedom for the engineering of the electronic structure. With the 

aid of fundamentals in physical chemistry, various material characterization techniques and DFT 

modeling, the materials properties of the structure tailored Co based transition metal 

oxides/hydroxides can be fully revealed. These properties include intrinsic bulk properties, 

surface evolution and the interaction with water surroundings. The performance of these 

materials in alkaline electrolyte including OER activity and long-term stability can be observed 

by conducting electrochemical experiments. By establishing the correlation between the material 

properties and the electrocatalytic properties, the mechanism for the electrocatalysts will be 

uncovered. The hypothesis is tested in Chapter 4 to Chapter 6 through three studies on Co-based 

transition metal oxides/hydroxides as OER catalysts. In the Chapter 4, through Fe substitution, 

the electronic structure of perovskite LaCoO3 is tuned, which results in enhanced OER activity. 

Here, the properties of the LaCo1-xFexO3 are investigated with the help of X-ray Powder 

Diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning electron 

microscopy (SEM), X-ray absorption spectroscopy (XAS), Superconducting Quantum Design 

(SQUID) and Density functional theory (DFT) modeling. In the Chapter 5, through Ni 

substitution, the oxygen in spinel oxide ZnCo2O4 becomes more active, which leads to surface 
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reconstruction, adjusted OER mechanism and enhanced activity. The investigation on the 

intrinsic bulk properties of ZnCo2-xNixO4 is to some degree more complicated than LaCo1-

xFexO3 series. This is due to its spinel structure which involves the consideration of site 

occupancy of the metal cations. The hard XAS studies and soft XAS studies contribute to the 

structure determination of the bulk and the surface. Besides, the intrinsic bulk propertied and 

surface evolution are studied by electrochemical studies, XRD, X-ray photoelectron 

spectroscopy (XPS), Transmission electron microscopy energy-dispersive X-ray spectroscopy 

(TEM-EDS), Electron energy loss spectroscopy (EELS), X-ray magnetic circular dichroism 

(XMCD) and DFT calculation. In the Chapter 6, with LSCO and Co(Fe)OOH as examples, the 

physical origin for their interactions with water surroundings have been investigated by kinetic 

parameter. Temperature dependent experiments were carried out to extrapolate the kinetic 

parameters of the reaction and facilitate the investigation on the correlation between the OER 

activity of these materials and the electrolyte composition. A good understanding of the OER for 

Co based transition metal oxides/hydroxides in alkaline electrolytes would aid the rational design 

of highly active electrocatalysts. The findings are not limited to the design Co based transition 

metal oxides/hydroxides as OER catalysts. They could shed lights on the other types of 

electrocatalysts design for CO2, HER, etc., applications as well.  

 

1.2 Objectives and Scope 
 
The objective of this thesis is to understand how electrocatalysts work with the example of Co 

based transition metal oxides/hydroxides as OER catalysts in alkaline electrolytes. First, we aim 

to reveal the impact of electronic structure on the OER activity of Co-based materials. By a Fe 

substitution, the Co-O covalency has been enhanced in LaCoO3. This goes together with the 

changed spin state and metallic feature of the LaCo0.9Fe0.1O3. Subsequently, by introduction of 

Ni into ZnCo2O4, the energy level of oxygen becomes higher than metal cations, which leads to 

a destabilization of the surface. Surface characterizations confirm the aggregation of Ni on the 

surface to form an oxyhydroxide layer, which is the result of high activity. Thirdly, the 

mechanism of the surface evolution of the ZnCo2-xNixO4 is investigated by changing its 

concentration of electrolyte. To get more insights on the electrolyte dependent OER activity of 

the active materials, an in-depth exploration is further conducted by a temperature dependent 
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study for LSCO and Co(Fe)OOH catalysts. The relationship between the OER activity and the 

kinetic parameters such as activation energy and pre-exponential factor is established. 

 

1.3 Dissertation Overview 
 
The thesis addresses the role of material properties including intrinsic, surface and interfacial 

properties on the OER of Co based transition metal oxides / hydroxides in alkaline electrolytes. 

 

Chapter 1 presents the significance to probe the mechanism of electrocatalysts by studying how 

the material properties are correlated to the OER performance in the fundamental research on 

OER oxide electrocatalyst. With Co based transition metal oxides/hydroxides as examples, 

through fundamentals on materials properties, varies material characterization techniques and 

DFT modeling, multi-dimensional material properties can be fully understood. The findings of 

the impact on OER activity by intrinsic bulk properties, surface evolution and the interaction 

with water surroundings shed light on rational design on electrocatalysts. 

 

Chapter 2 reviews the literature concerning the catalysts designs. The benchmarking parameters 

for measuring the performance of OER catalysts are evaluated. Among a plethora of materials as 

candidates for OER catalysts, transition metal oxides/hydroxides are highlighted. Their structural 

features and usage as OER catalysts have been reviewed. In addition, the physical and chemical 

fundamentals for the materials behind the catalytic phenomenon are presented. The growing 

understandings of the mechanisms underlying the OER on the surface of different catalysts have 

been elaborated. The significance for the study on the interaction between the catalyst and its 

water surrounding has been discussed. 

 

Chapter 3 discusses the preparation methods for Co based transition metal oxides / hydroxides 

studied in this thesis as OER catalysts have been demonstrated. The working principles for the 

characterization techniques utilized in this thesis are explained and the reasons for their usage are 

stated. The setups for electrochemical studies have been illustrated. The data analysis techniques 

have been explained. 

 



Introduction  Chapter 1 
 
 

6 
 

Chapter 4 elaborates the role of eg filling and covalency on OER of Co based transition metal 

oxide LaCo1-xFexO3.  

 

Chapter 5 focuses on the role of oxygen energy level on the surface stability of ZnCo2-xNixO4. It 

elaborates the surface activation by the change in electronic structure. The mechanism 

understanding on surface reconstructed ZnCo2-xNixO4 are revealed. The impact of water 

surrounding on the ZnCo2-xNixO4 is discussed. 

 

Chapter 6 discusses the interplay between the electrolyte dependent OER activity with the 

kinetic parameters. The physical origin of the interaction between electrode with the water 

surroundings has been uncovered. 

 

Chapter 7 draws together the threads of the thesis. The hypotheses are tested, and the goals are 

met. This thesis presents investigations on Co-based transition metal oxides/hydroxides as OER 

catalysts in alkaline solutions. It demonstrates how the intrinsic properties, surface properties 

and interfacial properties tune the mechanism and the kinetics of the OER. The understandings 

from these studies shine light on future catalysts improvements and design. Future research 

directions that can help to gain more insights on the understandings of surface electrochemistry 

are proposed. In the future, the gap existing in our understanding between the starting catalysts 

and the surface for the reconstructed materials will be bridged. The surface of the catalysts 

under exposure to different electrolytes environments will be explored. Extrinsic stimulations that 

can tune the intrinsic, surface and interfacial properties will be investigated.  

 

 

1.4 Findings and Outcomes/Originality 
 

This research led to several novel outcomes by: 

1. Demonstrating OER activity enhancement by substitution strategies in Co-based 

materials. 

2. Identifying the critical role of tuning the electronic structure of Co based 

oxides/hydroxides towards highly active electrocatalysts.  
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3. Demonstrating different OER mechanisms for different Co-based materials based on their 

electronic structures. 

4. Establishing a relationship between change in Co-O covalency with the surface evolution 

of Co-based electrocatalysts.  

5. Elaborating the electrolyte dependent OER activity for highly active Co-based transition 

metal oxides/hydroxides. 

6. Elucidating the physical origin of the interfacial property between electrode and 

electrolyte by a kinetic parameter study. 
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2 Chapter 2 
 

Literature Review  
 

The demand for clean energy and the challenges remaining for the production of 

green hydrogen by water electrolysis stimulate the search for highly active OER 

electrocatalysts. In this chapter, the benchmarking parameters for measuring the 

performance of OER catalysts are evaluated. Among a plethora of materials as 

candidates for OER catalysts, transition metal oxides/hydroxides are highlighted. 

Their structural features and usage as OER catalysts have been reviewed. In 

addition, the physical and chemical fundamentals for the materials behind the 

catalytic phenomenon are presented. The growing understandings of the 

mechanisms underlying the OER on the surface of different catalysts have been 

elaborated. The significance for the study on the interaction between the catalyst 

and its water surrounding has been discussed. 
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2.1 Background for OER 
 

 
Figure 2.1 (a) Oxygen electrochemistry application for energy storage and conversion. (b) Reaction 
formulas for OER, ORR, HOR and HER. The overpotentials of the reactions. The figures are adapted 
from Ref 1. 
 

The overconsumption of fossil fuels has caused severe environmental issues such as the ever-

growing concentration of greenhouse gases and atmospheric pollution. Besides, the depleted 

fossil fuels cannot meet the increasing energy demand worldwide anymore. It is thus urgent to 

switch to clean energy vectors that can be produced from sustainable sources. Hydrogen fuel is 

one of such green energy vectors. While hydrogen is currently generated at more than 95% by 

the reforming of natural gas or oil, the cleanest way to produce hydrogen is through water 

electrolysis. The advantage for water splitting to produce hydrogen is the yields of clean product 

without by-products1. Below, the half-reactions at the cathode and anode sides during water 

electrolysis in both acidic and alkaline solutions are written, with hydrogen evolved at the 

cathode and oxygen at the anode. 

 
With platinum-based catalysts, the hydrogen evolution proceeds at a high rate.1 However, the 

efficiency of water electrolysis has been severely hampered by the large overpotential of oxygen 
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evolution. To improve the sluggish reaction kinetics of OER, hence the overall efficiency for fuel 

production, noble metal-based compounds (i.e. IrO2 and RuO2) are used as electrocatalysts. 

However, their elemental scarcity and high cost force for the search of non-precious transition 

metal-based oxides/hydroxides as alternatives.2,3 Transition metal oxides/hydroxides are more 

stable when used in alkaline solutions. 

 

2.2 Performance evaluation for OER catalysts 
 

In order to evaluate the performance of transition metal oxides/hydroxides as OER catalysts, we 

look into their activity and stability. To measure the OER activity and stability of a catalyst, there 

are mainly three electrochemical methods: cyclic voltammetry (CV), chronoamperometry (CA), 

and chronopotentiometry (CP). Detailed experimental setup and measurements are shown in 

Chapter 3.2.1 Electrochemical Characterization section. There are a few parameters that can be 

obtained from these electrochemical measurements. 

 

2.2.1 Overpotential 

 

The OER is thermodynamically feasible above the half-cell potential of 1.23V. However, due to 

the slow kinetics of the OER, a large deviation from this thermodynamical potential is required 

to yield appreciable anodic current. Ruthenium oxide, as the best-known catalysts for OER, 

requires 0.4V overpotential at a current density of 1.5A cm-2
geo. The best-known transition metal 

oxide catalyst is nickel-iron-cobalt oxide, which requires an overpotential around 0.4V at 10mA 

cm-2
geo. 1 

 

2.2.2 Specific activity vs mass activity 

 

Mass activity of the catalysts are obtained by normalising the current densities by the mass 

loading on the working electrode. However, OER is a surface reaction and only the atoms on the 

surface participate to the reaction. Other atoms underneath the surface do not contribute to the 

reaction. Hence, mass activity does not represent the intrinsic activity of the catalyst. A more 

accurate way to report the “true” activity of a catalyst is to normalise the current density by 
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surface area to obtain a specific activity, as surface area can reflect the real number of active sites 

on the surface.4 Surface area of transition metal oxides obtained by Brunauer-Emmett-Teller 

(BET) methods and ECSA methods are elaborated in Chapter 3.2.1 Electrochemical 

Characterization and Chapter 3.2.2 Structure Characterization sections. 

 

2.2.3 Turnover frequency 

 

The turnover frequency (TOF) reflects the number of reaction products generated per active site 

per unit of time. Figure 2.2 compares the TOF of oxide catalysts with the natural catalyst OEC 

used in the OER process in photosynthesis II.   

 

 
 

Figure 2.2 TOF of different oxides materials and the natural catalyst OEC. This figure is adapted from 
Ref 1. 

 

2.3 Transition metal oxides/hydroxides as catalyst materials for OER   
 
Table 2.1 Oxides used as catalysts materials.  

 

Rutile-type RuO2, IrO2, MnO2, PbO2, 

PtO2, OsO2, ReO2 

Mixed oxides with SnO2, 

TiO2, Fe2O3 
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Doped oxides 

SnO2, MnO2, PbO2 

Spinel-type Co3O4 

MCo2O4 M=Ni, Mn, Cr… 

Fe3O4 

MFe2O4 M=Ni, Co, Mn… 

Doped oxides 

Co3O4 

Perovskite-type NiM2O4 M=La, Pr, Nd 

M’1-xSrxMO3 M=Mn, Co, Fe, Ni 

                      M’=La, Nd 

Other oxides NiOx, PdO, MxWO3, Bi2M2O7 M=Rh, Ru 

Li0.5Pt3O4, SrPd3O4,  

ABO2 A=Pt, Pd, Ag, Cu 

           B=Co, Cr, Ru, Ir 

ABO4•xMO2 A=Al, Rh 

                      B=Sb, Nb, Ta 

                      M=Ru, Ir 

 

A plethora of materials have been used as catalysts materials. Co based transition metal oxides 

havee attract much attention. Ba0.8Sr0.2Co0.5Fe0.5O3 has been found as a better catlyst than IrO2.2 

Co3+ at octehedral site is quite active for OER.5–7  Six-coordinated Co can exisit in various 

crystal structures, such as spinel structure oxides (e.g. ZnCo2O4), delafossite structure oxides 

(e.g. LiCoO2), perovskite (e.g. LaCoO3) and rock salt structure (CoO) are shown in Figure 

2.3Figure 2.3 Crystal structure of spinel structure oxides (e.g. ZnCo2O4), delafossite structure oxides 

(e.g. LiCoO2), perovskite (e.g. LaCoO3) and rock salt structure (CoO) with CoO6..  
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Figure 2.3 Crystal structure of spinel structure oxides (e.g. ZnCo2O4), delafossite structure oxides (e.g. 
LiCoO2), perovskite (e.g. LaCoO3) and rock salt structure (CoO) with CoO6. 

 

2.3.1 Perovskite oxides 

 

Perovskite oxides have a general formula of ABO3, where A-site cations are typically 

electropositive cations which are larger than B-site cations. B sites are typically occupied by 

transition metals or main group ions.8 A-site cations are in a 12-coordinate framework of corner-

shared BO6 octahedra.9 The structure of perovskite oxide and the possible coupling of A, B 

cations are shown in Figure 2.4. 

 

 
Figure 2.4 Structure of perovskite oxide.  

 
Creating a combination of multimetals in the A sites and B sites for perovskite is able to modify 

the valence state and electronic structure of the catalyst. This provides some degree of freedom 

to tune the cystal structre and control the oxygen vacancy level as well.10–14 The feasibilty for the 



Literature Review  Chapter 2 
 

15 
 

multimetal perovskite is based on two paramenters, one is the Goldschmidt tolerance factor t, the 

other being the octahedral factor μ.15 t is calculated from the ratio of ionic radii: 

t=  

where rA and rB are the ionic radii of cations at A and B sites, and rO is the ionic radius of 

oxygen. For a stable perovskite structure to be formed, t should lie in the range of 0.8-1. If t = 1, 

an ideal cubic structure with the larger cation A and smaller cation B is formed. For t within the 

range of 0.9-1, a cubi structure forms. Examples are SrTiO3 and BaTiO3
16. For t > 0.8 and < 0.9, 

an orthorhombic or rhombohedral is formed. If t < 0.8 or t > 1.0, the cation A is too small or too 

big to be adjusted to BO6 octahedron framwork, which ends up in an alternative structure. 

The octahedral factor μ is the ratio between ionic radii of B and oxygen: 

μ=  

μ should lie in the range of 0.44–0.72 for a stable BO6 octahedron to form.  

 

2.3.2 Spinel oxides 

 

 

Figure 2.5 Structure of spinel oxide. This figure is adapted from Ref 17. 
 

Spinel oxides have a general formula AB2O4: 

AB2O4 = (A1-λBλ)Td [AλB2-λ]Oh O4     0 ≤ λ ≤ 1 

where A-site cations are typically charged as 2+ at tetrahedral sites, sometimes can be charged as 

3+, while B-site cations are normally charged as 3+ at octahedral sites.18 Depending on how the 

cations occupy the octahedral and tetrahedral sites, either normal or inversed spinel structure is 

formed. The parameter λ represents the degree of inversion. For a normal spinel structure, where 

λ=0, all the A2+ cations occupy tetrahedral sites and all the B3+ cations occupy octahedral sites. 
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Examples are Co3O4, MgCo2O4 and ZnCo2O4.19 In the inverse spinel structure, A2+ occupies 

the octahedral sites, while B3+ cations are partially in the tetrahedral sites and partially in the 

octahedral sites. Examples are NiCo2O4, MnCo2O4 and FeCo2O4.20 By modifying the MTd-O 

and MOh-O bond lengths by metal cation substitution or doping, unit cell parameters and oxygen 

fractional coordinate can be changed.21 However, no influence on MOh-O bond lengths can be 

induced by substitution of tetrahedral cations. MTd has a 3m symmetry with six equivalent 

unshared edges and no angular freedom. Cation substitution in Td site can only adjust the MTd-O 

bond length. MOh has a m symmetry, with six unshared edges, pertaining to the faces 

perpendicular to the threefold axis, and six shared edges. The cation substitution in Oh site can 

modify the MOh-O bond lengths as well as the O-MOh-O angle. This altered O-MOh-O angle can 

further result in modified MTd-O bond length.22 

 

2.3.3 Layered hydroxides 

 

 

Figure 2.6 Structure of layered hydroxides. This figure is adapted from Ref 23.  

 
Layered hydroxides have a formula of M2+

(1-x)M3+
x(OH)2. The metal cations stay in the 

octahedral site in a six-fold coordination. Most of the layered hydroxides exhibit hexagonal unit 

cell. The hydroxides with M2+/M3+ ratio equal to 1 display an orthorhombic phase.24  

 



Literature Review  Chapter 2 
 

17 
 

2.3.4 Fundamentals of electronic structure  

 

Electronic structure is vital in determining the physical and chemical properties of transition 

metal oxides/hydroxides. For a perovskite or a hydroxide structure, first-row transition metal 

cations with d4-d7 electronic configurations normally occupy the octahedral sites. The cations in 

octahedral sites generally determine the physical  properties of the materials.9 

 

 

 

 
Figure 2.7 (a) Spatial arrangement of oxygen ligands with respect to the d orbitals in the octahedral 
crystal field. (b) degenerate d orbitals in octahedral crystal field. This figure is adapted from Ref 25. 
 

In crystal structure, the cations are exerted repulsion force by the negatively charged oxygen 

around them (Figure 2.7a).26 As the ligand approaches the metal ion, a loss of degeneracy can be 

promoted. The electron of the ligand can be attracted and get closer to some d-orbitals while 

repelled from others.  The ligands which are closer to the d-orbitals normally have higher energy 

than those further away. This leads to a splitting in energy for d-orbitals.In octahedral 

environment, the  and  experience the most repulsion and undergo destabilization, thus 

forming the so-called eg levels. Instead, the ,  and  orbitals do not directly overlap with 

oxygen orbitals, thus less repulsion leads to relatively stabilization in energy. The t2g formed by 

,  and  has relatively lower position than eg ones (Figure 2.7b). The metal d orbitals 

electrons can partially describe the electron in bands formed in crystal. The iono-covalent metal-

oxygen bond shall also be considered to accurately describe the electronic structure. 
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Figure 2.8 Scheme of low spin state, intermediate spin state and high spin state of Co3+. 

 

The high or low spin state is determined by the splitting energy which is a competition between 

the crystal field splitting energy of the 3d states of the Co ions and the Hund’s rule intra-atomic 

exchange energy. With LaCoO3 as an example, the splitting energy of the Co ions is rather 

small: 10 meV. The spin state transition can thus be induced by thermo-excitation. In LaCoO3, 

Co3+ exists in low spin (t2g
6 eg

0, S = 0) state at low temperature (< 90 K). As the temperature 

increases, a transition from low spin state to intermediate spin state (t2g
5 eg

1, S = 1) occurs at 90 

K 27, before to transition to the high spin state (t2g
4 eg 

2, S = 2) state at 500 K.28,29 The spin state 

of Co3+ in LaCoO3 at room temperature is considered as either intermediate spin states30 or a 

mixture of high spin and low spin states31,32. While for a normal spinel ZnCo2O4, Co3+ remains 

in low spin (t2g
6 eg

0, S = 0) state.19 

 

 
Figure 2.9 (a) Spatial arrangement of oxygen ligands with respect to the d orbitals in the tetrahedral 
crystal field. (b) degenerate d orbitals in tetrahedral crystal field. This figure is adapted from Ref 25. 
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In a spinel structure, first-row transition metal cations can occupy the tetrahedral sites as well. In 

a tetrahedral environment, ligands approach more closely the d orbitals between the axis rather 

than the orbitals on the axis. The higher energy orbitals are the opposite ones as in the case of 

octahedral geometry (Figure 2.9). Furthermore, as the ligands do not approach the orbitals 

directly, the energy splitting is lower than that in octahedral geometry.  

 

2.4 Mechanism of OER   
 
2.4.1 Concerted proton-electron transfer (CPET) 

 

 
Figure 2.10 Traditional mechanism of OER process in which the concerted proton–electron transfers are 
involved on the metal sites. The oxygen in blue are originated from electrolyte, whereas oxygen in red is 
the oxygen contributed from the oxide lattice. This figure is adapted from Ref 33. 
 

 
Figure 2.11 Four steps CPET reactions. 

 
Figure 2.10 and Figure 2.11 depict the traditional four steps OER process in which four 

consecutive concerted proton-electron transfers occur on the surface of metal sites in alkaline 

solution. After being exposed to the electrolyte, OH- is adsorbed on the surface of the metal 

oxide catalyst. Then, another OH- molecule react with the adsorb *OH to form water and leave a 

M-O bond on the oxide surface. A third OH- the react to form M-OOH. Then, OOH* reacts with 
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another OH- to leave M-OO. Finally, OO* desorbs from the surface and releases in the form of 

oxygen. The reaction free energies for these four steps can be calculated as following: 

 

 
Figure 2.12 Reaction free energies for four CPET steps. (left) This figure is adapted from Ref 34. 
Reaction free energy of real catalysts and ideal catalysts under three different OER potentials. (right) This 
figure is adapted from Ref 35.  

 
The OER on a catalyst is limited by these four reaction steps. The overpotential of the OER for 

the catalyst is determined by the most positive value among ΔG1, ΔG2, ΔG3 and ΔG4. Previous 

belief was that the rate limiting step in OER is either the strong adsorption of OOHads or the 

weak adsorption of Oads species. Nevertheless, the rate limiting steps for different catalysts vary 

from each other. Since ΔG1 and ΔG4 rarely acts as the rate-determining step, a so-called volcano 

plot was constructed based on the difference in the free binding energy between O* and OH* to 

capture the OER kinetics for different catalysts (Figure 2.13). 
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Figure 2.13 Volcano plot. This figure is adapted from Ref 36. 

 

2.4.1.1 Electronic structure affecting OER performance 

 
The change in electronic structure parameters such as covalency and eg configuration can adjust 

the adsorbate binding strength. Thus, the electronic structure determines the OER activity.  

 

2.4.1.1.1. eg configuration 

 

  
Figure 2.14 (a) Correlation between OER activity and the occupation of eg orbital for different perovskite 
materials. (b) adsorption energy of oxygen vs. eg occupation. These figures are adapted from Ref 37. 
 

The intermediates are bonded with oxygen, hence S. Trasatti et.al proposed M-O binding energy 

as a descriptor for OER. 38 The formation of *OH and *O can be promoted when M-O bind 
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energy is enhanced. However, the formation of *OOH is hindered when M-O bound too strong. 

Hence, an optimal M-O is required for high efficiency of the OER reaction.  Nørskov et. al. first 

found the interplay between M-O binding energy and eg where increasing occupancy of eg 

orbital occupancy leads to stronger O binding energy. (Figure 2.14b) 39 Shao-Horn et al. prosed 

that eg occupancy number could quantify the M-O binding energy. A correlation between  eg and 

OER activity have been estabilshed. A compaound with metal cation of eg ~ 1.2 possessesthe 

greatest OER activity.2 As shown in Figure 2.14, BSCF with eg occupancy of 1.2 has the est 

OER activity among those pervoskites. LaCoO3 possesses a bit larger eg than BSCF. Through 

adjusting the size of the catalysts, the eg configuration can be tuned. As reported by Zhou et. al,  

by tiloring the size of LaCoO3, its eg can be adjusted to ~1.2 which give the best OER activity.31 

Examples of B site substitution for Co have shown their ability in OER enhancement. For 

example, Mn and Ni have been widely used to partially replace Co and endow the charge 

redistribution between two B sites metal elements. When Mn substitutes part of Co, Mn4+ and 

Co2+ are generated as a consequence of electron transfer from Mn3+ to Co3+ via O2- ions.40 While 

Ni is doped in LaCoO3, Ni3+ ions act as electron donors to the Co3+ ion by contributing its 

electron on eg band.30 Under these scenarios, double exchange interaction plays a pivotal role in 

change of electron occupancy on eg and t2g, hence boosting the OER performance.41 The metal 

substitution induced lattice strain also changed the spin state and eg configuration.  

 

 
Figure 2.15. Compression on z axis (left) and elongation on z axis (right). This figure is adapted from Ref 
42. 
 

As discussed above, the orbital experiencing more repulsion will become more destabilized and 

tends to be higher in energy. When compression force is exerted on the z axis, the repulsion on 
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  is the maximal.  is at a relatively lower position to balance with the energy of .  

and  experience more repulsion than , thus, they are located at the upper and lower 

position of the centre of energy 2. Similarly, the plot in Figure 2.15 for the case of elongation on 

z axis can be plotted.  

 

2.4.1.1.2. Covalency 

 
Studies have found out that the OER activity was correlated with the location of oxygen 2p 

orbital centre (with the Fermi level as reference).43–45 Grimaud et al. found that the potentials for 

the four steps reaction can be lowered as the metal-oxygen covalency is enhanced 33 The metal-

oxygen hybridization is affected by the choice of metal cations. Metal cations substitution and 

their different oxidation states modify the number of d electrons and the electronegativity of the 

metal cations. The increase in electronegativity moves the metal d states close to O 2p states and 

increase the metal-oxygen hybridization in perovskite.46 Much research bolstered the hypothesis 

that optimizing cobalt valence state can promote OER activity. This is because the change in 

oxidation states in metal cations also change their covalency. The valence state of B cations can 

be tuned when susbstituting A site cation with a lower valence state element.44 Mefford et al. 

introduced Sr2+ cation into La3+ which induce in promotion of Co3+ to Co4+. This lifts the O 2p 

center, enhance the covelency between metal 3d and O 2p orbitals, 47,48 hence to promote the 

OER process.45  Therefore, methods were proposed to enhance the OER activity in Co based 

perovskites. Initially, their OER performances were normally enhanced by change of synthesis 

methods or conditions to enlarge surface area, choice of different transition metal oxides, metal 

cations substitution in the transition metal oxides, etc. However, bringing the perspectives of 

electronic structures, these novel strategies boosted the performance by either change the 

covalency or the eg configurations of the metal cations in the transition metal oxides. The 

covalence of the oxide framework can be increased not only by cation substitution of a more 

electronegative metal, but also by replacing oxygen with less electronegative ligands (such as S, 

Se or Te).49 The anion substitution is not discussed in this thesis. This can be explored in the 

future research work. 
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2.4.2 Non-concerted proton-electron transfer  

 

2.4.2.1 Surface reconstruction 
 
When the O p-band center get too close to EF, materials such as BSCF82, SCF82 and BSCE46 

become unstable under OER conditions.50 Though not perfectly stable, they exhibit very good 

OER activites. With BSCF82 as an example, a surface amorphization have been observed under 

TEM after OER reaction in alkaline solution.51 With the aid of operando XAS, Fabbri et.al. 

found that Co2+/Co3+ and Fe2+/Fe3+ dissoluted together with the leachng of Ba2+ and Sr2+. Then, 

Co2+/Co3+ and Fe2+/Fe3+ re-deposited back to the surface of the catalysts to form a layer of 

(Co/Fe)O(OH).(Figure 2.16)52 This new surface contributes to high OER activity of BSCF82.  

 

 

Figure 2.16 Dissolution and re-deposition mechanism for BSCF82. This figure is adapted from Ref 52. 

 

2.4.2.2 Lattice oxygen mechanism  

 
For some very active but unstable catalysts, such as LSCO, a new mechanism (Figure 2.17) 

emerged. By employing isotopic labelling, more than  14 nm 18O was evolved after 18O-labelling, 

which indicates the participation of lattice oxide in the OER. 33  
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Figure 2.17 Evolved OER mechanisms which involve non-concerted proton–electron transfer. 
The illustration on the left involves OER that evolve 34O2 and 36O2 is evolved on the right. The 
same processes as in concerted proton-electron transfer have been marked in yellow and green. 
These figures are adapted from Ref 33. 
 

2.1.1.1.1. Cationic and anionic redox reaction 
 

 
Figure 2.18 Zaanen-Sawatzki-Allen (ZSA) framework for the electronic structure of transition metal 
oxides. These figures are adapted from Ref 26. 
 

The differentiation between cationic and anionic redox reaction is based on the relative 

magnitude of charge transfer gap Δ (the electronegativity between the cation and anion) and 

Coulomb inter-site repulsion U (the energy between occupied and unoccupied metallic states). 

Figure 2.18a illustrates Mott-Hubbard cationic redox reaction with U < Δ. Figure 2.18c 

demonstrates charge transfer anionic redox reaction with U > Δ. The intermediate case is shown 

in Figure 2.18b. 

 

When oxygen species in an compound are redox active, they can contribute to the OER activities 

as well.48 This is the case when there is strong M 3d and O 2p overlap,49 leading to the formation 
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of ligand holes. As lattice oxygen take part to the OER process, ligand vacancies are formed on 

the metal oxides.26 Other factors such as substitution can also induce oxygen deficiency.45 When 

these ligand holes are formed, the metal 3d and oxygen 2p overlap is large. These ligand holes 

modify the active redox centre on the surface of catalysts. As reached in Chapter 2.4.1, Shao-

Horn et. al. demonstrated the oxygen p band relative to Fermi level in perovskite as a descriptor 

in 2013.49 Shifting the oxygen p band centre closer to Fermi level can promote the OER activity 

by triggering the lattice oxygen redox reaction.50,53,54 (Figure 2.19) 

 

 

Figure 2.19 (a) (c) Metal cations as active sites without oxygen deficiency. (b) (d) Oxygen deficiency 
participates in the OER process. These figures are adapted from Ref 26. 

 

2.4.2.3 pH-dependence phenomenon 
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Figure 2.20 pH dependent OER activities of LSCO and LaNiO3. . This figure is adapted from Ref 55. 

 
For these materials showing either severe surface degradation with the redox activity of lattice 

oxygen or the formation of negatively charged surface sites56, their activity can be influenced by 

the concentration of alkaline solution. A pH dependent OER activity has been found in LSCO48 

and LaNiO3
55 (Figure 2.20). The pH-dependence suggests a non-concerted proton-electron 

transfer involved in the OER steps.52 

 
Figure 2.21 Comparison between the concerted proton-electron transfer OER mechanism and the non-
concerted proton-electron transfer OER mechanism. These reactions are adapted from Ref 57. 

 

For various catalysts varying from pH-independent and pH-dependent materials, their  activation 

energies decrease with increased current density (Figure 2.22).58 The reaction rate  for a 

reaction is related to reaction free energy: 

                                                                                                       

 is also related to the activation energy Ea as extrapolated by the Arrhenius equation59: 
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Figure 2.22 Activation energies as reported by Otagawa and Bockris for perovskites OER catalysts as a 
function of the OER current density measured at 300 mV overpotential. This figure is adapted from Ref 
58. 

 
2.4.3 Multi-metal transition metal oxides/hydroxides as OER catalyst  

 

The viability of elemental substitution, doping or surface modifications for metal 

oxides/hydroxides offer design flexibility and potential for OER activity enhancement18,60–62  and 

stability improvement63–65. Large variety of additional metals have been incorporated into metal 

oxides/hydroxides to regulate their electronic structure10–14, conductivity66–70 and kinetics71–77 for 

the OER. Of those, iron incorporation has been proposed as a promising strategy to boost OER 

activities.2,71,74,76,78–86 Examples can be found in perovskite oxides Ba1-xSrxCo1-yFeyO3
2,80, Fe 

substituted La0.6Ca0.4CoO3
77, spinel oxides ZnCo2-xFexO4

78, Ni3-xFexO4
25,87, Co3-xFexO4

66,88, 

rock-salt structure NiFeOx
89, layered structure LiCo1-xFexO2

79, iron-doped (oxy)hydroxide84,90–

92, among others.  

It should be noted that this metal incorporation approach is much more complex in the case of 

spinel oxides. Not only the cations in octahedral sites, but also the metal cations in tetrahedral 

sites can influence the OER.93 The interaction between the tetrahedral site and octahedral site can 

also tune the electronic structure and the performance.41,94 Iron-doped nickel 

oxide/(oxy)hydroxide is regarded as the best OER catalysts, by some metrics matching or 

exceeding the performance of benchmarked IrO2.90,92,94–96 Trotochaud et al. Fe impurities in the 

electrolyte largely enhance the OER performance for NiOOH92 and CoOOH91. The theoretical 

study by Toroker et. al.67 considered that Fe, with many oxidation states, act as a dopant into the 
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structure. Burke et al. found that FeOOH had the highest intrinsic activity among the transition 

metal oxyhydroxide97. This was supported by studies which recognized octahedral site Fe3+ as 

active sites for NiFeOOH98,99. However, this is not agreed by Swierk et al. who found that Fe 

substituted metal oxyhydroxide exhibited better activity than FeOOH itself.76 The contribution 

for Fe substitution in transition metal oxides/hydroxides remain discussion. In the following 

sessions of the thesis, Fe substituted catalysts will be studied on their electronic structure and 

interaction with electrolyte environments.  

 

2.4.4 Influence by electrolyte cation species 

 

OER takes place at the electrode-electrolyte interfaces. The interaction on the catalysts by the 

water surrounding influence their OER activity and stability. Not only the concentration of the 

alkaline solution but also the alkali cation species in the solution modify the interaction between 

the catalyst and the solution.100,101 Garcia et. al. found that varying the alkali cations species in 

alkaline solution tuned the OER activity of Fe-containing NiOOH.102 The film exhibit the best 

activity in CsOH, followed by KOH and NaOH, while the activity is the worst in LiOH. By 

employing Raman spectroscopy, Michael et. al found that Ni-O length can be adjusted by 

changing the alkali cation species in iron contaminated  NiOOH film.103 It is also found out that 

bigger cations (Cs+) provide a better stabilization to the Ni-OO--M+ intermediate.101 

 

2.4.4.1 Chaotropicity and kosmotropicity 

 

As shown in Figure 2.23, based on the B coefficient which reflects the ability to structure or 

disorder the hydrogen bonding network, the cations and anions in the solutions can be divided 

into categories. Kosmotropic cations such as Li+ with B coefficient lager than 0 are more able to 

order the water structure. Chaotropic cations such as K+ and Cs+ with B coefficient smaller than 0 

are more able to disorder the structure of water, which can impact its reactivity on the catalyst 

surface.104 
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Figure 2.23 Two categories of cations and anions in the solutions. This figure is adapted from Ref 104. 
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3 Chapter 3  
 

Experimental Methodology  
 

In this chapter, the preparation methods for Co based transition metal oxides / 

hydroxides studied in this thesis as OER catalysts have been demonstrated. 

The working principles for the characterization techniques utilized in this 

thesis are explained and the reasons for their usage are stated. The setups for 

electrochemical studies have been illustrated. The data analysis techniques 

have been explained.  
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3.1 Material synthesis 
 

3.1.1 Sol gel methods 

 
A sol gel method has been adopted in Chapter 4 of the thesis for the synthesis of LaCo1-xFexO3.  
 

 
Figure 3.1 Sol-gel methods for synthesis. This figure is adapted from Ref 1. 

 
In a sol-gel method, the inorganic metal salts and some organic compounds are dissolved for the 

preparation of a liquid “sol”. In this process, a hydrolysis process is included. Then, this “sol” is 

converted into a solid “gel” by heating. A condensation process takes place. Further sintering is 

needed for the crystallization of the powders.2 

LaCo1-xFexO3 powders were synthesized by a sol-gel method.2 The LaCoO3 precursors were 

produced by dissolving 3.75 mmol La(NO3)3·6H2O, 3.75 mmol Co(OAc)2·6H2O, 15 mmol 

urea, and 15 mmol citric acid in 30mL de-ionized (DI) water and 3 mL nitric acid. As for LaCo1-

xFexO3, Fe(NO3)3·9H2O and Co(OAc)2·6H2O were added stoichiometrically for Fe to partially 

substitute Co. LaFeO3 precursor was prepared by using 3.75 mmol Fe(NO3)3·9H2O instead of 

Co(OAc)2·6H2O.  The solutions were then heated to 80 °C and stirred with a magnetic stirrer till 

a gel is generated. The gel was then dried at 170 °C for 12 h to remove the remaining water 

followed by calcination at 600 °C for 6 hours for crystallization. 
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3.1.2 Thermal decomposition methods  

 

A thermal decomposition method has been employed for the synthesis of ZnCo2-xNixO4 in 

Chapter 5 of the thesis.3 In a thermal decomposition process, a compound splits up into simpler 

substances under heat treatments.4  

ZnCo2-xNixO4 powders were synthesized by a thermal decomposition method.3 The ZnCo2O4 

precursors were produced by dissolving 5 mmol Zn(OAc)2·2H2O and 10 mmol Co(NO3)2·6H2O 

in 30mL de-ionized (DI) water and 3 mL nitric acid. As for ZnCo2-xNixO4, Ni(NO3)2·6H2O and 

Co(OAc)2·6H2O were added stoichiometrically for Ni to substitute Co. The solutions were then 

heated and stirred with a magnetic stirrer to obtain a colorless solution. Then the solution was 

dried at 170 °C for 12 h to remove the remaining water followed by calcination at 300 °C for 6 

hours for crystallization. The value of x was varied from 0, 0.2, 0.4, 0.6 to 0.8. When 

Ni(NO3)2·6H2O and Co(OAc)2·6H2O (x=1) were added in an equimolar fashion, a structure 

with a mixture of spinel phases, NiO and ZnO phases began to form. When no Co(OAc)2·6H2O 

was used and only Ni(NO3)2·6H2O was dissolved, a mixture of NiO and ZnO was formed 

instead of ZnNi2O4, which was in accordance with the reports that ZnNi2O4 has yet to be 

synthesized.4 

 

 

3.1.3 Solid state synthesis 

 

LaCoO3, La0.8Sr0.2CoO3, La0.6Sr0.4CoO3 and La0.5Sr0.5CoO3 were synthesized by a solid-state 

methods in the Chapter 6 of the thesis.5 The metal oxides with the needed element are mixed and 

grounded, then sintered at high temperature.  

Perovskites LaCoO3, La0.8Sr0.2CoO3, La0.6Sr0.4CoO3 and La0.5Sr0.5CoO3 were synthesized by 

conventional solid-state route. Stoichiometric amounts of La2O3, SrCO3, Co3O4 previously 

dehydrated were thoroughly ground, pressed into pellets and annealed in air at 950 °C for 12 h. 

La0.8Sr0.2CoO3, La0.6Sr0.4CoO3 and La0.5Sr0.5CoO3 were ground and annealed for a second time 

in air at 950 °C for another 12 h and slowly cooled down to room temperature.5 
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3.1.4 Electrodeposition methods 

 
 

 
Figure 3.2 The electrochemical setup for electrodeposition. 

 

For the cathodic electrodeposition of Co(OH)2 and Fe0.5Co0.5(OH)2 films in Chapter 6, glassy 

carbon electrode or graphite paper are used as working electrodes. Platinum plate is used as 

counter electrode. A saturated calomel electrode (SCE) is used as reference electrode. An 

illustration is shown in Figure 3.2. 6 

Prior to the film deposition, the glassy carbon inserts for the rotating disk electrodes were 

cleaned by cycling 10 times in alkaline solution within a potential range of 1.1-1.7 V vs. RHE. 

Prior to the electrochemical deposition, the electrodes were polished and ultrasonically washed 

with ethanol and 18.2 MΩ·cm water. Films of Co(OH)2 were cathodically deposited in an argon 

saturated 10mM Co(NO3)2 solution at a current density of 50 μA cm−2 for 600 s. After 

deposition, films were rinsed by dipping in deionized water (18.2 MΩ·cm). Prior to the OER 

measurements, the as-deposited electrodes were first cycled in “Fe-free” alkaline solution at 100 

mV s−1 within a potential range of 1.1-1.7 V vs. RHE for 20 cycles for conditioning. Films of 

Fe0.5Co0.5(OH)2 were cathodically deposited in an argon saturated 6mM Co(NO3)2 + 4 mM 

FeCl2 solution at a current density of 50 μA cm−2 for 600 s. After deposition, films were rinsed 

by dipping in deionized water (18.2 MΩ·cm).6 
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3.2 Characterization 
 

3.2.1 Electrochemical Characterization 

 
3.2.1.1 Three electrode testing 

 

 
Figure 3.3 Experimental setup for the three-electrode cell. This figure is adapted from Ref 7. 
 

The electrochemical tests were carried out by three-electrode method (Figure 3.3) with glassy 

carbon electrode as working electrode, SCE and Pt plate (1 cm × 3 cm) severing as reference and 

counter electrodes, respectively. 10 mg materials and 2 mg carbon black were dispersed in a 

2mL mixed solution of Tetrahydrofuran (THF)and 65 μL Nafion perfluorinated 5% solution and 

DI water were added to prepare the catalyst ink. The mass ratio of material: carbon black was 

maintained at 4: 1. The mixture was sonicated for 40 mins to achieve homogenized dispersion of 

materials and carbon. 10 μL of the ink was dropped onto a newly polished rotating disk electrode 

(RDE). The catalysts decorated rotating disk electrode was characterized in a three-electrode 

one-compartment cell, in which the SCE and Pt wire were used as reference and counter 

electrode, respectively. All electrochemical potentials herein are reported against the reversible 

hydrogen electrode (RHE) in 1.0 M KOH. The conversion between potentials vs. SCE and vs. 

RHE was performed by the equation below. 

E (vs. RHE) / V = E (vs. SCE) / V + ESCE (vs. SHE) / V + 0.059 × pH / V  

(ESCE (reference) / V = 0.2438 / V vs. SHE at 25°C) 

            For long term test in alkaline solution, a Hg/HgO reference electrode is employed.  
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E (vs. RHE) / V = E (vs. Hg/HgO) / V + EHg/HgO (vs. SHE) / V + 0.059 × pH / V  

(EHg/HgO (vs. SHE) / V = 0.098 / V vs. SHE at 25°C) 

The oxygen evolution reaction was evaluated by cyclic voltammetry (CV) at a scan rate of 10 

mV s-1 at 1600 rpm.   

 
3.2.1.2 Cyclic Voltammetry (CV) 

 
During a CV measurement, the potential between the reference electrode and the working 

electrode is swept back and forth in between two potentials. The current at the working electrode 

is recorded.8 CV measurements have been employed in Chapter 4, 5 and 6 to study the activity of 

the catalysts. Tafel plot has been derived from the obtained CV curves for the understanding of 

the reaction path. 

 
3.2.1.3 Electrochemically active surface area (ECSA) 
 
The ECSA gives an estimation of the real surface area involved in electrochemical processes. It 

can be calculated by the follows9: 

ECSA = CDL/CS 

CDL= iDL/ν  

where iDL indicates the capacitive current, ν represents the scan rate, CDL is the specific 

capacitance of the electrode double layer. CS is the specific capacitance; it has a value of 60 µF 

cm-2 for most oxides. 

In Chapter 5, the ECSA of the ZnCo1.2Ni0.8O4 were measured before, during and after stability 

tests to quantify the degradation properties of the catalysts. 

 

3.2.1.4 Electrochemical impedance spectroscopy (EIS) 

 

EIS is a method of impedimetric transduction involving the application of a sinusoidal 

electrochemical perturbation over a wide range of frequencies when measuring a sample.9 The 



Experimental Methodology  Chapter 3 

45 
 

Ohmic drop has been determined from a Nyquist plot by EIS in this thesis. The Ohmic resistance 

is obtained as the real part of the impedance when the imaginary part is zero.  

 

3.2.1.5 Chronoamperometry (CA) 

 

During a CA measurement, the potential between the working electrode and the reference 

electrode is fixed and the current at the working electrode is measured over time. CA 

measurement has been used in Chapter 5 to measure the OER activity of the catalysts for the 

long term. 

 

3.2.1.6 Chronopotentiometry (CP) 

 

During a CP measurement, the current at the working electrode is fixed and the potential 

between the working electrode and the reference electrode is measured over time. CP 

measurement has been employed in Chapter 5 to measure the OER stability of the catalysts. 

 

3.2.2  Structural Characterization 

 

3.2.2.1 X-ray diffraction (XRD) 

 

X-ray diffraction is employed to investigate the crystal structure of matter. The arrangement of 

atoms defines the crystal structure. Each crystalline solid has unique characteristic X-ray 

diffraction patterns. To understand how XRD instrument works, Bragg's Law needs to be 

introduced first. 
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Figure 3.4 Scheme of X-ray Diffraction. This figure is adapted from Ref 10. 
 
As a crystal is irradiated with X-rays of a fixed wavelength at certain incident angle, an 

intensified reflected X-rays can only be detected when the interference is a constructive one. 

Specifically, constructive interference means that the difference in phase between the parallel x-

rays (two light orange lines in Figure 3.4) must be equal to integer multiples of the X-ray 

wavelength. The relation between the angle of incidence, wavelength of the incident X-rays as 

well as spacing distance between the crystal lattice planes fulfilling the constructive interference 

described is Bragg's Law can be expressed as an equation11: 

 
A powder X-ray diffractometer is designed to collecting the signals which happen to be oriented 

at the correct angle to fulfil the Bragg condition. The collection of "reflections" from all the 

crystal planes can be utilized to identify an unknown crystal uniquely. For that, a standard PDF 

card database can be used for matching the characteristic peaks in the obtained XRD pattern and 

obtain its crystal structure information. The crystal structures of the materials in this thesis were 

obtained by Bruker D8 Advance with Cu-Kα radiation (λ = 1.5418 Å) in Facility for Analysis 

Characterization Testing and Simulation (FACTS) lab. 

 

3.2.2.2 Brunauer-Emmett-Teller (BET) surface area 

 

The particle surface area for the oxides synthetized in this thesis is calculated based on 

“Brunauer–Emmett–Teller” (BET) theory.12 BET theory was developed to define the physical 
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adsorption of gas molecules on a solid surface and to get the surface area of the solid materials 

by calculating the amount of single layer  gas molecular adsorbed on the surface. The amount of 

gas adsorbed predominantly depends on the exposed surface area of the solids and partially 

affected by temperature, gas pressure as well as interaction strength between the adsorbed gas 

and solid surface. Nitrogen is the most frequently used adsorbed gas due to its high purity and 

strong interaction with almost all kinds of solids. During nitrogen adsorption and desorption on a 

material surface, a pressure transducer precisely record the pressure changes caused by the 

adsorption process and the data collected presents the amount of gas adsorbed against the relative 

pressure, which is in the form of a BET isotherm. The BET specific surface areas of the 

materials in this thesis were obtained by ASAP Tristar II 3020. 

 

3.2.2.3 X-ray Absorption Spectroscopy (XAS) 

 

XAS measurements were carried out in this study to understand the electronic structure and the 

local environment of the catalysts.13 

 

Figure 3.5 Scheme of transmission mode of XAS measurement. This figure is adapted from Ref 14. 
 
A schematic illustration of how samples react to the beam when conducting XAS measurement 

in the transmission mode is shown in Figure 3.5. By passing through the sample (thickness x) 

with an incident beam (intensity I0), transmitted beam with intensity I is detected. When the 

energy of incident beam is increased from low value to high value, the electron on the core state 

can be kicked off to unoccupied level (low energy X-ray Absorption Near-Edge Structure 

(XANES)), top of unoccupied level (XANES) and continuum (Extended X-ray Absorption Fine 

Structure (XAFS)), respectively. (Figure 3.6) 15 
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Figure 3.6 Three parts of XAS spectra depending on the energy of the incident photons. This figure is 
adapted from Ref 16. 
 

 

 
Figure 3.7 XAS spectrum. This figure is adapted from Ref 14. 
In the XAS spectrum in Figure 3.7, the absorption coefficient (µ) is plotted versus incident 

photon energy (E). The different regions on the spectrum can be used for different analysis. The 

pre-edge peak in XANES provides information about the electronic structure and site symmetry. 

The XANES reflect the oxidation state of the elements. The sudden increase in the absorption 

coefficient is defined as absorption edge, where the incident photon energy begins to exceed the 

binding energy of the core electron K, L, and M etc. The core electron binding energy of each 

element can be found in the X-ray data booklet. 17 
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Figure 3.8 Resonance for different element in XAS. This figure is adapted from Ref 16. 
 
In addition, the XAFS provides information on the coordination numbers and bond length 

between the absorb element and its neighbors. The ejected electron is photoelectron which 

behave like wave. When the outgoing wave comes across its neighbor atoms, they interact and 

oscillate, thus, the XAFS spectra presents itself in the form of oscillation.  

X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure 

(EXAFS) characterizations in this thesis were carried out at XAFCA beamline of Singapore 

Synchrotron Light Source (SSLS) to obtain the structure information. 

 

3.2.2.4 Fourier transform infrared spectroscopy (FT-IR)  
 
 

 
Figure 3.9 Operations Schematic of FTIR spectrometer. This figure is adapted from Ref 18. 
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As shown in Figure 3.9, the source of IR radiation passes through a half-silvered mirror. Half of 

the signal is reflected of and hits the second moving mirror. After the reflection from the second 

mirror, the recombined IR signal is collected by the detector. 

 

 
Figure 3.10 Stretching vibration and bending vibration of molecules after  IR radiation. This figure is 
adapted from Ref 19. 

When a molecule is exposed to radiations, it will either vibrate or rotate. The vibration energy 

can be divided into stretching vibration and bending vibration. Stretching vibration can be further 

divided into symmetric and asymmetric stretching vibration. (Figure 3.10) The energy for 

stretching a bond is higher than bending a bond. Based on Plank-Einstein Equation, E=hf=hv/ , 

the stretching vibration happens at a higher wavenumber than bending vibrations. Similarly, 

asymmetric stretching vibrations occurs at higher wavelength than symmetric stretching 

vibrations. The FTIR data in Chapter 4 were recorded using FTIR Perkin Elmer Spectrum.  

 
3.2.2.5 X-ray magnetic circular dichroism (XMCD)  
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Figure 3.11 Diagram of XMCD. This figure is adapted from Ref 20. 

 
XMCD is a technique allowing to obtain the magnetic properties of atoms.21 The absorption 

spectra for XMCD are usually measured at the L-edge for the transition metal cations. As shown 

in Figure 3.11, a magnetic field applied in the upward direction aligns valence electron in the 

upward direction, leaving hole states in the downward direction. For the L3 transition 

(2p3/2→3d), X-rays with upward circular polarization are more likely to excite spin downward 

electrons into the hole states than spin upward electrons into the hole states. For the L2 transition 

(2p1/2→3d), spin-orbit coupling is opposite (l-s instead of l+s), so the excitation’s spin 

sensitivity is opposite. In the Chapter 5 of this thesis, pairs of soft X-ray absorption spectra 

(μ+/μ-) are measured with circularly polarized x-rays with 1T magnetic fields applying to the 

samples. The XMCD spectra arise from the difference between the μ+ and μ- spectra. Soft XAS 

and XMCD were obtained at SINS beamline of SSLS. 

 
3.2.2.6 Transmission electron microscope (TEM) 
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Figure 3.12 Working principles for TEM. This figure is adapted from Ref 22. 

When the incidence beam passes through a sample, it can be divided into three beams, diffracted 

beams and transmitted beam. Each beam contains the microstructure information of the sample. 

These beams pass through an objective lens and gradually converge. On the focal plane of the 

objective lens, each beam gathers into a point. Different electrons converge at different positions 

of the focal plane to form the diffraction patterns, which can be regarded as the image of 

microstructure of the sample in the reciprocal space. After passing through the focal plane of the 

objective lens, the electron beams continuous to deflect forward onto the image plane. High-

resolution transmission electron microscopy (HRTEM) were adopted in the Chapter 5 of the 

thesis to image the surface of ZnCo1.2Ni0.8O4 before and after OER. 

 

3.2.2.7 Electron energy loss spectroscopy (EELS) 

 

EELS are often coupled with TEM to provide structural and chemical information of the 

materials by detecting the energy loss for the elements inside the compound.23  
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Figure 3.13 Schematic of electron energy loss spectrum. This figure is adapted from Ref 23. 

 
Interactions between the incident electron beams and materials result in electron energy loss. A 

schematic diagram of electron energy loss has been shown in Figure 3.13. There are three types 

of energy losses: zero loss, low energy loss and high energy loss. Both HRTEM and EELS were 

adopted in the Chapter 5 of the thesis. The experiment was conducted in the Institute of Physics, 

Chinese Academy of Sciences using a JEOL 2100F transition electron microscope at the 

operating voltage of 200 kV to investigate morphology and composition after OER cycling 

compared with that of the as-synthesized materials. Both the raw material and cycled material 

were prepared by suspending them in ethanol by ultrasonication. The suspensions were then 

dropped onto carbon film coated Cu TEM grids and dried at room temperature.  

 

3.2.2.8 Scanning Electron Microscope (SEM) 

 

SEM is an electron microscopy for surface morphology investigation. It can be coupled with 

Energy dispersive X-ray spectroscopy (EDX) detector for elemental composition studies. EDX 

measures the energies of the characteristic X-ray emitted from an atom after this atom is excited 

by an incident electron beam.24 In the Chapter 4 of the thesis, Jeol FESEM 7600F was employed 

to observe the surface morphologies and elemental compositions of samples LaCo1-xFexO3. In 

the Chapter 6 of the thesis, while the nominal stoichiometry of Co0.6Fe0.4(OH)2 was initially 

targeted owing to its enhanced OER activity as previously reported,25 analysis by SEM-EDX 
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revealed a deviation from this nominal composition and the electrodeposition of a film with the 

composition Fe0.5Co0.5(OH)2.  

 

3.2.2.9 Superconducting Quantum Design (SQUID) 

 

 

Figure 3.14 Working principle for the SQUID. This figure is adapted from Ref 26. 

 

SQUID measures the magnetic moment induced by an applied external electric field in a 

sample.27 In a SQUID magnetometer, the sample is moved through an external magnetic field. A 

pick-up coil links to a superconducting detector loop with parallel Josephson junctions. A 

magnetic flux from the moving sample interrupts the superconducting loop. An applied bias 

current re-establishes the superconducting loop and indicates the magnetism of the sample. DC 

magnetization measurements were performed on a SQUID magnetometer (MPMS-XL). Field-

cooled (FC) DC magnetization measurements were carried out from room temperature to 5 K 

with a 100 Oe field. 

 

3.2.2.10 X-ray photoelectron spectroscopy (XPS) 

 

XPS uses a X-ray beam to irradiate a materials and measures the number and the kinetic energy 

of escaped electrons from the samples’ surface.28 It measures the surface species of the materials. 

XPS measurements in chapter 5 of the thesis were performed using a PHI-5400 with Al Ka beam 

source (250 W) and position-sensitive detector (PSD). The binding energy resolution is 0.8 eV, 
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angle resolution is 45° and the detection limit is 80 K CPS. Base pressure of the measurement 

chamber is 3.0 × 10-7 Pa. The Ar ion (voltage 12 kV, current 4.2 mA) sputtering speed is 0.28 

nm/s over an area of 300 × 300 um2. Data from the measurements were calibrated using the 

adventitious carbon peak of the C 1s spectra (EB = 284.8 eV). The oxidation states of the 

elements are analyzed by peak deconvolution with XPSPEAK 4.1.  
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4 Chapter 4 
 

Tailoring the Co 3d-O 2p Covalency in LaCoO3 by Fe Substitution 

to Promote Oxygen Evolution Reaction  
 

LaCoO3 is an active, stable catalyst in alkaline solution for oxygen evolution 

reaction (OER). However, room still remains for improving its activity according to 

recent understandings of OER on perovskite oxides. In this work, Fe substitution 

has been introduced in LaCoO3 to boost its OER performance. Density function 

theory (DFT) calculation verified that the enhanced performance originates from 

the enhanced Co 3d-O 2p covalency with 10 at% Fe substitution in LaCoO3. Both 

DFT calculations and Superconducting Quantum Design (SQUID) magnetometer 

(MPMS-XL) showed a Co3+ spin state transition from generally low spin state (LS: 

t2g
6 eg

0, S = 0) to a higher spin state with the effect of 10 at% Fe substitution. X-

ray absorption near-edge structure (XANES) supports DFT calculations on an 

insulator to half-metal transition with 10 at% Fe substitution, induced by spin state 

transition. The half-metallic LaCo0.9Fe0.1O3 possesses increased the overlap 

between Co 3d and O 2p states which results in enhanced covalency and promoted 

OER performance. This finding enlightens a new way of tuning the metal-oxygen 

covalency in oxide catalysts for OER. 

____________ 
*This section published substantially as Y. Duan, S. Sun, S. Xi, X. Ren, Y. Zhou, G. Zhang, H. Yang, Y. 

Du & Z. J. Xu, Tailoring the Co 3d-O 2p covalency in LaCoO3 by Fe substitution to promote oxygen 

evolution reaction. Chemistry of Materials, 29(24), 10534-10541 (2017). DOI: 

10.1021/acs.chemmater.7b04534.
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4.1 Introduction 
 

With a few decades of industrialization and urbanization, the overconsumption of fossil fuels has 

expedited energy depletion and environmental deterioration. Technologies to convert and store 

“green” energies therefore have been developed to mitigate these issues. Among these 

technologies, water electrolysis is a promising one, which generates hydrogen fuel for fuel cells 

to further generate electricity. Challenges towards water electrolysis lie in the difficulty in 

improving the energy efficiency of water splitting, attributable to high overpotential of OER on 

anodes.1 A number of catalysts have been investigated to reduce OER overpotential, of which 

precious metal oxides like IrO2 and RuO2 stand out.1 However, the high cost and scarcity have 

severely hampered their implementation in a large-scale. In contrast, transition metal oxides such 

as Ni, Fe, Co based oxides have emerged as promising alternatives due to their competitively 

lower overpotentials and lower cost.2 Among these transition metal oxides, Co based oxide 

materials have attracted much research interest based on the superior OER activity of Co in 

octahedrally coordinated environments.3 Evidence can be found in the investigations on the OER 

performance of six-coordinated Co in different types of crystal structures, such as delafossite 

structure oxides (e.g. LiCoO2), spinel structure oxides (e.g. ZnCo2O4), and perovskite (e.g. 

LaCoO3). Typically, LiCoO2 has a layered structure with edge-shared Co in single layer. Many 

recent studies are focused on lowering Li contents in LixCoO2 to adjust the cobalt valence state, 

and hence to further boost the OER activity.4 ZnCo2O4 possesses a spinel structure with 

tetrahedrally-coordinated Zn and octahedrally-coordinated Co.5 By comparing the OER 

performance of ZnCo2O4 with that of Co3O4, it has been found that octahedrally-coordinated Co 

contribute to the OER activity dominantly.5,6 LaCoO3 is a compacted oxide with corner-shared 

perovskite structure, where all Co atoms are accommodated in octahedral sites.7 As for its OER 

performance, LaCoO3 has been recognized as a stable and active OER catalyst in alkaline 

solution.8,9 The OER activity of metal oxides can be correlated with their electronic structures. 

The location of oxygen 2p orbital centre (with the Fermi level (EF) as reference) is a descriptor 

of OER activities for oxide catalysts.8,10,11 Alexis et al. found that the increase in metal-oxygen 

covalency lowered the required potential for the four steps in OER.12 Thus, being less covalent 

than La0.5Sr0.5CoO3-δ and SrCoO3-δ, LaCoO3 exhibits less activity.12 However, LaCoO3 was 
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found to be more stable in alkaline due to its optimal position of O p-band centre to Fermi level 

(EF).8 Without the anionic redox reaction on surface, the conventional concerted proton-electron 

transfer mechanism works well on LaCoO3.13 In pure cationic redox reaction, electron 

occupancy is also a descriptor of OER activities for metal oxides. S. Trasatti et.al proposed that 

the M-O binding energy acted as a descriptor for OER activity attributable to all intermediates 

bonding with the surface through oxygen.4 Some reaction steps (formation of *OH and *O) get 

easier with strong M-O bind energy, whereas other steps (formation of *OOH) do not. Thus, 

there exists an optimal M-O binding energy. Nørskov et. al. found that decreasing occupancy of 

eg orbital resulted in a stronger O binding energy through investigating the interplay between M-

O binding energy and eg.14 In 2011, Shao-Horn et al. raised an eg theory to quantify the M-O 

binding energy in perovskites to guide the development of oxides for OER.15 The correlation 

between OER activity and the occupation of eg orbital for different perovskite materials 

including LaCoO3 was constructed and the conclusion pointed out that perovskites with eg ~ 1.2 

ameliorated OER activities.15 Based on the correlation between electronic structures and OER 

performance of metal oxides, several methods have been proposed to enhance the OER activity 

in Co based perovskites. For example, Zhou’s group synthesized LaCoO3 with different particle 

sizes at various annealing temperature to adjust the average spin state of Co.16 They found that 

high spin Co existed on the surface of LaCoO3, while low spin Co accommodated in the bulk of 

LaCoO3. As a result, LaCoO3 with an average eg ~ 1.2 gives a best OER activity.16 On the other 

hand, numerous investigations were given to tuning the cobalt valence state through the 

substitution of A site La by low valence state elements.10 For instance, Mefford et al. introduced 

divalent Sr into trivalent La lattice to increase the cobalt valence state as well as lift the O p 

orbital, accompanied by energy gap reduction between metal 3d and O p-band centre,12,17and 

hence to promote the OER process.11 Besides, the overlap between metal 3d and O 2p has been 

increased to a level that ligand holes are induced on the surface13 of La1-xSrxCoO3 and these 

oxygen vacancies take part in OER with a new mechanism, namely lattice oxygen mechanism 

(LOM). There are also studies on substituting B site Co by other transition metals like Mn, Ni, 

and Fe for tuning the OER activity. Among these transition metal substitutions, Fe substitution 

has been found to be a vital stimulator for OER. For example, it has been sufficiently 

exemplified by the improvement in electrocatalytic activity of Fe substituted La0.6Ca0.4CoO3. 

Various oxidation states for Co cations are generated by the incorporation of Fe, which facilitates 
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the formation of cobalt-hydroxides and increases the electrical conductivity.18 In addition, Fe 

substitution has been also investigated in other oxide structures. Xiao et al. regarded the augment 

in OER activity after the incorporation of 10 wt% Fe into Co3O4 as a consequence of the 

increase in BET surface areas and electrical conductivity.19 Zhu et al. reported an enhancement 

of OER activity by modifying LiCoO2 through 20 wt% Fe substitutions. It was proposed by 

authors that the Fe substitution might induce a synergistic effect with Co, resulting in favourable 

electronic structure of surface Co.20 However, how the Fe substitution affects the electronic 

structures of the materials and how it subsequently results in OER activity improvement were 

not investigated.  

 

In this work, the electronic structure change in Fe substituted LaCoO3 was investigated and the 

Co 3d-O 2p covalency of LaCoO3 was tuned towards an OER favourable one by the substitution. 

First, a series of LaCo1-xFexO3 (x=0.00, 0.10, 0.25, 0.50, 0.75, 1.00) were synthesized for 

investigating their OER, of which LaCoO3 with 10 at% Fe substitution ratio was found with the 

best OER activity. DFT calculations further revealed that the enhanced Co 3d-O 2p covalency in 

LaCo0.9Fe0.1O3 compared to that of LaCoO3 accounts for the improved performance. The 

augment in Co 3d-O 2p covalency of LaCo0.9Fe0.1O3 is realised by the increased overlap 

between Co 3d and O 2p states as validated by both projected density of state (pDOS) and total 

density of states (TDOS). The strong Co(eg)-O(p) hybridization originates from the half-metal 

LaCo0.9Fe0.1O3, where the Co3+ has higher spin states compared to the ground state Co3+ in 

LaCoO3. XANES result agrees well with the half-metallic feature after 10 at% Fe substitution in 

LaCoO3 by showing the delocalised feature of electrons on Fe p states. This insulator-to-half-

metal transition with 10 at % additional Fe is induced by low spin state to higher spin state 

transition of Co3+. Thus, the interplay between Co3+ spin configuration and Co 3d-O 2p 

covalency for LaCoO3 and LaCo0.9Fe0.1O3 has been established. The optimized spin state for 

Co3+ in LaCo0.9Fe0.1O3 brings about maximized Co 3d-O 2p covalency. As a result, the optimal 

Fe substitution in LaCoO3 promoted the OER performance. 

 

4.2 Experimental Methods 
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4.2.1 Material synthesis  
 
LaCo1-xFexO3 powders were synthesized via a sol-gel method. Detailed method can be referred 

to Chapter 3.1.1.  

 

4.2.2 Material Characterizations 
 

The crystal structure was obtained by Bruker D8 Advance with Cu-Kα radiation (λ = 1.5418 Å). 

JEOL JSM-7600F was employed to observe the surface morphologies of samples. The 

(Brunauer-Emitter-Teller) BET specific surface areas of the materials were obtained by ASAP 

Tristar II 3020. Fourier transform infrared spectroscopy (FT-IR) data were recorded using FTIR 

Perkin Elmer Spectrum. X-ray absorption near edge structure (XANES) and extended X-ray 

absorption fine structure (EXAFS) characterizations were carried out at XAFCA beamline of 

Singapore Synchrotron Light Source (SSLS) to obtain the structure information. DC 

magnetization measurements were performed on a Superconducting Quantum Design (SQUID) 

magnetometer (MPMS-XL). Field-cooled (FC) DC magnetization measurements were carried 

out from room temperature to 5 K with a 100 Oe field. 

 

4.2.3 Electrochemical Tests 
 

The electrochemical tests were carried out by three-electrode method with LaCo1-xFexO3 as 

working electrode, saturated calomel electrode (SCE) and Pt wire severing as reference and 

counter electrodes, respectively.  16 mg perovskite material and 3.2 mg carbon black were 

dispersed in a mixed solution of 1.6 mL isopropanol (IPA), 6.4 mL DI water and 80 μL Nafion 

perfluorinated resin to prepare the ink of catalyst. The mixture was sonicated for 40 mins to 

achieve homogenized dispersion of perovskite and carbon. The perovskite material was 

dispersed in a diluted isopropanol solution containing 5% Nafion. The mass ratio of perovskite 

material: carbon black was maintained at 4: 1. The volume ratios of DI water: IPA: Nafion were 

maintained at 4: 1: 0.05. 15 μL of the ink was dropped onto a newly polished rotating disk 

electrode (RDE) (0.196 cm2). All electrochemical potentials here were against the reversible 

hydrogen electrode (RHE) under the condition with 1.0 M KOH. The conversion between 

potentials vs. SCE and vs. RHE was performed by the equation below. 
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E (vs. RHE) = E (vs. SCE) + ESCE (vs. SHE) + 0.059 × pH   

(ESCE (vs. SHE) = 0.2438 vs. SHE at 25°C) 

The oxygen evolution reaction was evaluated by cyclic voltammetry (CV) between 1.058 and 

1.656 V (vs. RHE) at a scan rate of 10 mV s-1 at 1600 rpm).  

 

4.2.4 DFT Calculations 
 

The pDOSs for both LaCoO3 and LaCo0.9Fe0.1O3 were calculated using the QUANTUM-

ESPRESSO package.38 LaCo0.9Fe0.1O3 supercell was created by replacing one of the Co atoms, 

with a Fe atom, in a 2x2x1 LaCoO3 supercell. The exchange-correlation interaction was treated 

with the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation.39 The Vanderbilt-

type ultrasoft pseudopotential was employed to approximate the potential between the ion core 

and valence.40 The cutoff-energies of plane waves and charge densities were chosen as 64 and 

640 Ry, respectively. Integration over the Brillouin zone was carried out using the Monkhorst-

Pack scheme with an 8×8×8 mesh of k-points for LaCoO3, and 4x4x8 for LaCo0.9Fe0.1O3. 

Structural optimization was performed using variable cell shape molecular dynamics.41 The 

relaxation was terminated when the interatomic forces are smaller than 10−4 Ry/a.u. Corrections 

that account for the strong correlation among the electrons at the Co and Fe sites were made by 

using a DFT+U approach with U=8.33. 

 

4.3 Results and Discussions 
 

4.3.1 Material characterizations 

 

The X-ray Diffraction (XRD) patterns of LaCo1-xFexO3 are shown in Figure 4.1. The pattern of 

LaCoO3 powder corresponds to rhombohedral perovskite (Figure 4.2) structure (a=b=c and 

α=β=γ≠90º) LaCoO3 R-3m (166) (JCPDS: 25-1060) without peaks attributable to La2O3, CoO, 

and Co3O4, indicating the formation of pure phase LaCoO3. While introducing Fe substitution, 

the crystal system remains rhombohedral with the atomic ratio of Fe / (Co + Fe) of 0.10. As the 

Fe ratio increases to 0.25, a new phase appears, which is assigned to orthorhombic (a≠b≠c and 

α=β=γ=90º). Thus, LaCo0.75Fe0.25O3 and LaCo0.50Fe0.50O3 exhibits the rhombohedral and 
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orthorhombic mixed structure. When the Fe ratios are 0.75 and 1.00, the crystal system changes 

to orthorhombic completely (JCPDS: 37-1493). Meanwhile, it can be found that with the 

increase of Fe, the diffraction peak shifts to lower angle direction, consistent with the fact that 

Fe3+ ion (LS 132 pm, HS 152 pm) has a larger covalent radius than Co3+ ion (LS 126 pm, HS 

150 pm).19  

 

 

Figure 4.1 XRD patterns of LaCo1-xFexO3 (x=0.00, 0.10, 0.25, 0.50, 0.75, 1.00). 
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Figure 4.2 Perovskite structure (ABO3) with rhombohedral distorted structure (a) and orthorhombic 
structure (b). A (La in green) represents the metal cation which accommodates at the corners of the unit 
cell. B (Co in blue and Fe in orange) represents the octahedrally coordinated transition metal cation which 
is at the centre of the unit cell. The negative oxygen ions occupy the face-centred positions. 

 

The SEM images of the as-synthesized LaCo1-xFexO3 (with x = 0.00, 0.10, 0.25, 0.50, 0.75, 

1.00) are shown in Figure 4.3. The particles all adopt similar morphologies. The specific area, 

average pore size and average particle size of the series of samples were measured by Brunauer–

Emmett–Teller (BET) technique. The adsorption and desorption isotherm curves for LaCo1-

xFexO3 are shown in Figure 4.4(a-f). The Type V isotherms are due to existence of mesoporous 

in the structures.21 From the BET surface area (Figure 4.4g), the average particle sizes are in the 

range of 400 ~ 500 nm for LaCo1-xFexO3. The as-synthesized oxide powders with different Fe 

contents possess a specific surface area of 12 ~ 15 m2 g-1.  
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Figure 4.3 SEM images of LaCo1-xFexO3 (x=0.00, 0.10, 0.25, 0.50, 0.75, 1.00).  
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Figure 4.4 BET raw data of LaCo1-xFexO3 (x=0.00, 0.10, 0.25, 0.50, 0.75, 1.00) and trend in specific 
surface area as Fe substitution increases. 
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Figure 4.5 FT-IR spectra of LaCo1-xFexO3 (x=0.00, 0.10, 0.25, 0.50, 0.75, 1.00). 

 

The Fourier transform infrared spectroscopy (FT-IR spectra) of LaCo1-xFexO3 is shown in 

Figure 4.5. For LaCoO3, a characteristic absorption band at 429 cm-1 is assigned to O-Co-O 

deformation modes in the CoO6 octahedron and absorption bands at 600 cm-1 and 560 cm-1 are 

attributed to Co-O stretching vibration.22 While LaFeO3 catalyst has two strong vibration bands 

at 555 cm-1 and 451 cm-1, which could originate from the characteristic absorption bands of Fe-O 

stretching vibration and O-Fe-O bending vibration in FeO6 octahedron, respectively. 6 With the 

increase of Fe amount from 0 to 0.10, characteristic peaks for Co-O and O-Co-O maintain the 

same wavenumber, indicating an increase in Co-O and O-Co-O vibration energy due to the 

lattice distortion induced by Fe substitution. The Co-O bond length does not change from the 

evidence of extended X-ray absorption fine structure (EXAFS) (Figure 4.8), whereas the Fe-O 

bond length increases a bit with the Fe substitution ratio. In Figure 4.5, when the Fe substitution 
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ratio reaches 25 at% and 50 at%, these characteristic peaks at 429 cm-1 for O-Co-O deformation 

become less intense and the peaks at 600 cm-1 and 560 cm-1 for Co-O vibration change their 

shapes. These phenomena indicate a phase transition since 25 at% Fe incorporations, which 

agree well with XRD results. While the sample is modified with further addition of Fe (x > 0.5), 

Fe-O and O-Fe-O bonds vibration dominate. The corresponding peaks for Fe-O and O-Fe-O 

vibration are observed to shift to lower wavenumber direction with an increasing Fe ratio. It can 

be inferred that the vibration energy decreases. This is owing to that lattice distortion is induced 

by the coexistence of Co and Fe which may lead to higher B-O stretching vibration and O-B-O 

bending vibration energy. Thus, when small amount of Fe is substituted in LaCoO3, the small 

lattice distortion gives rise to small Co-O and O-Co-O vibration energy. When larger amount of 

Fe is introduced into LaCoO3, LaCo0.5Fe0.5O3 exhibits the largest distortion due to large 

difference between Fe-O and Co-O bond lengths. This results in large B-O and O-B-O vibration 

energy. However, when the substituted Fe dominates the B site of LaCo1-xFexO3, the lattice 

distortion is rather small, which is presented by smaller Fe-O and O-Fe-O vibration energy in 

LaCo0.25Fe0.75O3 than in LaCo0.5Fe0.5O3. 

 

4.3.2 Electrochemical test 

 

LaCo1-xFexO3 were then tested for their OER performance under alkaline condition by 

employing three-electrode methods. LaCo1-xFexO3 was mixed with acrylic black and coated on 

rotating disk electrode (RDE) to be used as working electrode. Cyclic voltammograms (CVs) 

were recorded by cycling the electrode between 1.058 and 1.656 V (vs. RHE) in O2-saturated 1.0 

M KOH at a scan rate of 10 mV s-1 at 1600 rpm. The CV curves with current density versus 

potential (vs. RHE) are displayed in Figure 4.6a. The current densities of LaCo1-xFexO3 were 

normalized to their BET surface areas.6 Besides, iR corrections were performed on the potentials. 

LaCo0.9Fe0.1O3 emerges to have the best performance, whereas LaFeO3 presents the least 

activity. The trend of current densities with the increase of Fe ratios is shown in Figure 4.6b. The 

data points and error bars were obtained by averaging the results of at least three independent 

measurements. Under an overpotential of 0.4 V, LaCoO3 exhibits a current density of 0.183 mA 

cm-2
oxide. 10 at% Fe can increase the current density to 0.272 mA cm-2

oxide, which is almost twice 

that of LaCoO3. However, it is shown that higher amounts of Fe (x ≥ 0.25) substitution 
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deteriorate the performance. Thus, when Fe ratio is 0.10, the materials exhibit better OER 

performance than LaCoO3. However, when Fe substitution ratio reaches 0.25 or higher, inferior 

OER performance is obtained. Analyzing the specific OER activity of LaCo1-xFexO3 with their 

crystal structures, we can infer that the Co-rich rhombohedral system (LaCoO3 and 

LaCo0.90Fe0.10O3) has a superior OER activity compared with either a mixture of rhombohedral 

and orthorhombic structure (LaCo0.75Fe0.25O3 and LaCo0.50Fe0.50O3) or Fe-rich orthorhombic 

structure (LaCo0.25Fe0.75O3 and LaFeO3). LaCo0.90Fe0.10O3 exhibits the largest OER 

performance improvement as compared to LaCoO3. The Tafel plot of LaCo0.90Fe0.10O3 is 

presented in inset in Figure 4.6a for comparison with unsubstituted LaCoO3 and benchmarked 

IrO2.23 10 at% Fe in LaCoO3 has successfully raised the OER performance closer to IrO2. This 

shows the potential application of LaCo0.90Fe0.10O3 as a catalyst in practical water electrolysis.  

 

 

Figure 4.6 (a) The representative CV curves (the second cycle) of oxygen evolution reaction in 1.0 M 
KOH. The inset of (a) shows the Tafel plot of LaCo0.90Fe0.10O3 (yellow line) for comparison with 
unsubstituted LaCoO3 (red line) and benchmarked IrO2 extracted from reference 24. (b) The specific 
current density for LaCo1-xFexO3 at 1.63 V vs RHE.  

 

4.3.3 X-ray absorption spectroscopy studies 

 

X-ray absorption near-edge structure (XANES) spectra and extended X-ray absorption fine 

structure (EXAFS) spectra were carried out to explore the change in electronic structure and 

coordination environment of Co and Fe induced by the different amount of Fe substitution in the 

LaCoO3. Figure 4.7a shows the normalised Co K-edge XANES spectra of LaCo1-xFexO3. The 



The First Work  Chapter 4 

74 
 

Eedge defined by E (µ=0.5) indicates substantial shift of Eedge with increasing Co formal 

valence.25 As the substitution amounts of Fe increase, there is almost no energy shift of LaCo1-

xFexO3 relative to LiCoO2 (Co3+), indicating the valency of Co element in LaCo1-xFexO3 

remains almost the same (~ 3). The obvious main edge for LaCo1-xFexO3 is attributed to 1s - 4p 

dipole transition, while the Co pre-edge for the samples are not obvious. Fe K-edge XANES 

spectra are shown in Figure 4.7b. Obvious pre-edge peaks (inset) can be observed at 7112.1 eV. 

Such pre-edge peaks are indicators for oxidation state and coordination geometry. The intensity 

of pre-edge for Fe K edge of LaCo1-xFexO3 can be arranged in the following order: 

LaCo0.9Fe0.1O3 > LaCo0.5Fe0.5O3 > LaCo0.75Fe0.25O3 > LaCo0.25Fe0.75O3 > LaFeO3. The 

prominent pre-edge features observed with 10 at% Fe substituted LaCoO3 are mainly described 

by the nonlocal electric dipole transition of Fe from 1s to p states, where the empty p states of Fe 

atom are hybridized with the empty Co 3d states via O 2p empty states.26 Other electronic 

transition also contributes to pre-edge, such as the local electric dipole transition of Fe atom from 

1s to 4p, where the empty p states of Fe are hybridized with Fe empty 3d states.27 This p-d 

hybridization is attributed to the non-centrosymmetric feature of the Fe site in the Fe substituted 

LaCoO3 structure. Thus, the increasing intensity of pre-edge peak indicates the decrease in 

centrosymmetric and an increase in lattice distortion.  When both Co and Fe atoms occupying the 

B site of perovskite LaCo1-xFexO3, LaCo0.5Fe0.5O3, LaCo0.25Fe0.75O3, LaCo0.75Fe0.25O3 and 

LaCo0.9Fe0.1O3 exhibit larger degree of distortion than LaFeO3, which matches the FT-IR 

results. However, this factor is of small contribution to the pre-edge. The commensurate Eedge 

observed for Fe XANES K-edge of LaCo1-xFexO3 with standard Fe2O3 (Fe3+) indicates that the 

Fe valency maintains unchanged at ~ 3 when the Fe substitution ratio varies from 0.1 to 1.00 in 

LaCo1-xFexO3.  
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Figure 4.7 (a) Normalised Co K-edge XANES spectra of LaCo1-xFexO3 (x = 0.00, 0.10, 0.25, 0.50, 0.75, 
1.00) with CoO and LiCoO2 (Sigma Aldrich) as reference. The inset exhibits the zoomed in Co K-edge 
XANES spectra for LaCoO3 (red line) and LaCo0.9Fe0.1O3 (yellow line) from 7709 to 7712 eV. (b) 
Normalised Fe K-edge XANES spectra of LaCo1-xFexO3 (x=0.00, 0.10, 0.25, 0.50, 0.75, 1.00) with Fe 
foil and Fe2O3 (Sigma Aldrich) as reference. The inset shows the zoomed in Fe K-edge XANES spectra 
for LaCo1-xFexO3 from 7110 to 7120 eV. 

 

To subsequently study the local environment of metal cations in perovskite LaCo1-xFexO3 

(x=0.00, 0.10, 0.25, 0.50, 0.75, 1.00) oxides, EXAFs has been employed. The distances between 

the absorbing metal atoms and the backscattering atoms can be extracted from the Fourier 

transform (FT) EXAFs spectra. As shown in Figure 4.8a and Figure 4.8b, the first peaks in FT-

EXAFS spectra located at ~1.5 Å can be referred to the bond distances between the absorbing 

atoms and the oxygen atoms, representing by Co-O and Fe-O. The radial distance between Co 

and O atom in LaCo1-xFexO3 maintain no change with increasing Fe substitution ratios (Figure 

4.8a), indicating no effect of Fe substitution on Co-O bond lengths. From Figure 4.8b, the Fe-O 

bond lengths increase with the Fe substitution ratios in LaCo1-xFexO3 (x=0.10, 0.25, 0.50, 0.75, 

1.00), amongst which LaFeO3 possesses the largest Fe-O bond length. Despite the observed 

increase in radial distance between Fe and O atom in LaCo1-xFexO3, there is no significant 

difference between the Co-O and Fe-O bond length. Similar patterns between Co K-edge and Fe 

K-edge indicates similar coordination environment of Co and Fe atoms in LaCo1-xFexO3. This, 

together with the unchanged Co and Fe valence state obtained by XANES studies, implies the 

successful substitution of Fe atom for Co atom on B site of LaCo1-xFexO3. When Fe gradually 

takes the place of Co atom in LaCoO3, larger Fe-O bond length begins to induce lattice 

distortion in LaCo1-xFexO3 (x=0.10, 0.25, 0.50, 0.75), which agrees with FT-IR results.  
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Figure 4.8 (a) EXAFS k3χ(R) spectra of LaCo1-xFexO3 (x=0.00, 0.10, 0.25, 0.50, 0.75) at Co K-edge. (b) 
EXAFS k3χ(R) spectra of LaCo1-xFexO3 (x=0.10, 0.25, 0.50, 0.75, 1.00) at Fe K-edge.  

 

4.3.4 Magnetic studies 

 

The temperature-dependent magnetizations were measured with a magnetic field (H) of 100 Oe 

under field-cooling procedures for all the samples LaCo1-xFexO3 (x=0.00, 0.10, 0.25, 0.50, 0.75, 

1.00) to reveal the spin structures of Co ions controlled by the Fe substitution ratios. In the high 

temperature area, the susceptibilities derived from the magnetizations ( HM=χ ) obey a 

paramagnetic Curie–Weiss law: CTTC −=χ , where C is Curie constant (Figure 4.10b), and Tc is 

Curie–Weiss temperature. The field-cooled M-T curves of the LaCo1-xFexO3 (x=0.00, 0.10, 

0.25, 0.50, 0.75, 1.00) and the trend of Curie Temperature with the increase in Fe substitution are 

shown in Figure 4.9. By fitting the susceptibility versus. T data in Figure 4.10a, an effective 

magnetic moment µeff can be obtained through Beff Cµµ 8=  (Table 4.1). Opinions diverge on the 

spin state of Co3+ ions in LaCoO3 at room temperature. Some consider the spin state of Co3+ a 

mixture of high spin and intermediate spin. It springs from the fact that high-spin Co3+ state is 

preferred rather than low-spin Co3+ state when the Fe substitution ratios increase.28 Many other 

recent theoretical and experimental studies revealed that the mixture of LS and HS states is more 

favorable.16,29 Here, we treated the spin state of Co3+ in LaCoO3 as a mixture of high spin (HS: 

t2g
4eg

2; 4.9 µB) (Figure 4.10a, inset) and low spin state (LS: t2g
6eg

0; 0 µB) (Figure 4.10, inset).  
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Using the obtained values of µB, the volume fractions of Co ions in HS and LS states can be 

calculated from the following relationship: 

LSLSLSHSHSHSBeff VSSVSSg )1()1( +++= µµ  
where SHS (= 2) and SLS (= 0) are the S values, and VHS and VLS (= 1 - VHS) are the volume 

fractions for Co3+ ions in HS and LS states, respectively. The ratios of Co3+ HS in LaCo1-xFexO3 

with x=0.00, 0.10, 0.25, 0.50 and 0.75 are exhibited in Figure 4.10c. When Fe is slightly 

substituted in LaCoO3, from 0.00 to 0.10, the ratio of Co3+ HS increased from 4%, to 69.6%. 

When the Fe substitution ratio increases to 25 at%, the Co3+ HS ratio reaches more than that of 

LaCo0.9Fe0.1O3, with a value of 70.8%. With more than 50 at% additional Fe, Co3+ HS ratio 

drops. We have found that, the LaCo0.90Fe0.10O3, which has the best OER performance possesses 

an increased Co3+ HS ratio as compared to that of LaCoO3. However, with higher Co3+ HS ratio, 

LaCo0.75Fe0.25O3 has inferior performance compared to LaCo0.90Fe0.10O3. This is mainly because 

a too high Co3+ HS ratio gives rise to increased eg configuration, which results in a M-O binding 

energy larger smaller than optimal optimized one.14 Hence, the OER performance is not as good 

as LaCo0.90Fe0.10O3. Besides, the phase transitions in the crystal structures of LaCo1-xFexO3 also 

affect their OER activities. Despite being less critical as electronic structures, crystal structure 

has been reported to be a secondary descriptor for OER activity.30 The structure transition when 

Fe substitution ratio is raised to more than 25 at% exerts an influence on the OER activity. 
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Figure 4.9 100Oe Field-cooled M-T curves of LaCo1-xFexO3 (x=0.00,0.10, 0.25, 0.50, 0.75, 1.00) and the 
trend of Curie Temperature with the increase in Fe substitution.  
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Figure 4.10 Spin structure analyses of LaCo1-xFexO3. (x=0.00, 0.10, 0.25, 0.50, 0.75, 1.00) (a) The 
temperature-dependence inverse susceptibilities for LaCo1-xFexO3 samples. The inset are the plots for 
Co3+ LS (t2g 6 eg

0, S = 0) and Co3+ HS (t2g 4 eg
2, S = 2) in the octahedral ligand-field. (b) Curie constant 

for LaCo1-xFexO3. (x=0.00, 0.10, 0.25, 0.50, 0.75, 1.00). (c) The ratio of HS Co3+ in LaCo1-xFexO3 with 
x=0.00, 0.10, 0.25, 0.50, 0.75.  

 

Table 4.1 | Effective magnetic moment (μeff) for different spin states of Co3+ ions in LaCo1-

xFexO3 (x=0.00, 0.10, 0.25, 0.50, 0.75) (LS: low spin; HS: high spin). 

 
Specimen  LaCoO3 LaCo0.9Fe0.1O3 LaCo0.75Fe0.25O3 LaCo0.5Fe0.5O3 LaCo0.25Fe0.75O3 

Curie Constant  0.0051 1.45 1.506 0.049 0.2656 

Spin state LS HS 4%HS+96%LS 69.6%HS+30.4%LS 70.8%HS+29.2%LS 12.9%HS+87.1%LS 30%HS+70%LS 

µeff (µB) 0 4.9 0.20 3.41 3.47 0.63 1.46 
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4.3.5 DFT calculations 

 

The DFT calculations were carried out on LaCoO3 and LaCo0.9Fe0.1O3 by employing 

QUANTUM-ESPRESSO package. The detailed calculation methods and models can be found in 

experimental methods section. The computed TDOS (total density of states) for LaCoO3 are 

shown in Figure 4.11a. Co (t2g) and O (p) orbitals contribute to the peaks below EF in the valence 

band. The peaks above EF in the conduction band originate from both t2g and eg orbitals. All t2g 

states below EF are occupied and the density of states at the EF are negligible (inset in Figure 

4.11a). This indicates that Co3+ in LaCoO3 stabilises in low spin state (LS: t2g
6eg

0)31 and LaCoO3 

exhibits an insulating nature.32 The spin state configuration is determined by the energy 

difference between crystal field splitting energy and Coulomb repulsion. The crystal field energy 

Δcf is only slightly larger than Hund exchange energy Δex, thus, only small energy difference 

between LS and higher spin state exists.32 Co3+ is found to stabilises in a higher spin state in 

LaCo0.9Fe0.1O3, the computed TDOS of which is shown in Figure 4.11b. A gap between 

minority spin t2g states forms by the intersection of EF (inset in Figure 4.11b), which indicates 

the half metallic feature of LaCo0.9Fe0.1O3.31 Figure 4.11and Figure 4.11d display the pDOS of 

Co d-band and p-band for ligand O in LaCoO3 and LaCo0.9Fe0.1O3, respectively. The pDOS for 

LaCoO3 evidences the overlap between Co (t2g) and O (p) states below Fermi level. The states 

on EF for 10 at% Fe substituted LaCoO3 are intermixed Co (eg) – O(p) states33. The strong 

hybridization between Co 3d states of eg symmetry and oxygen 2p states leads to formation of 

broad σ* bands, which cross over the EF.32 This validates the half-metallic features of 

LaCo0.9Fe0.1O3.31 The increased overlap of the Co and O in LaCo0.9Fe0.1O3 indicates that Co 3d-

O 2p covalency becomes stronger when 10 at% Fe is introduced in LaCoO3.11,34 Thus, Co3+ spin 

state transition from LS to higher spin state induced by 10 at% Fe substitution in LaCoO3 gives 

rise to an insulator – half metal transition.  The increase in the overlap between Co (3d) and O 

(2p) states lowers down the energy between occupied O 2p states and unoccupied Co 3d states. 

This ends up in enhanced Co 3d-O 2p covalency.13 The enhanced covalency enables 

LaCo0.9Fe0.1O3 to be a more active catalyst than LaCoO3 for OER.  
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Figure 4.11 Computed TDOS (total density of states) of LaCoO3 with Co ions in low spin state (LS: 
t2g

6eg
0) (a) and LaCo0.9Fe0.1O3 with  Co ions in higer spin state (b). Fermi level is denoted by vertical 

dashed line. Arrows corresponds to spin-up and spin-down spin projection. Insets show the zoomed in 
pDOS of LaCoO3 and LaCo0.9Fe0.1O3 from -1.5 eV to 1.5 eV realtive to EF. pDOS of the Co d states and 
O p states in LaCoO3 (c) and LaCo0.9Fe0.1O3 (d).  

 

4.3.6 Interplay between Co3+ spin configuration and Co 3d-O 2p covalency 

 

Figure 4.11e and Figure 4.11f show the schematic representation of O p-band and Co d-band 

(relative to EF) derived from pDOS for LaCoO3 and LaCo0.9Fe0.1O3, respectively. As indicated 

by magnetic studies and TDOS calculations, majority of Co3+ in LaCoO3 possesses low spin 

state. However, 10 at% of additional Fe in LaCoO3 results in increased spin state of Co3+. When 

Co3+ has low spin state, the Co 3d states hybridize with O p states via the occupied Co(t2g)-O(p) 

just below EF.31 A Co3+ with higher spin state presents strong hybridization between Co(eg)-O(p) 

states on EF.35 Thus, transitions from LS Co3+ to higher spin state Co3+ states result in enhanced 

hybridization between Co 3d states and O p states. Besides, higher spin state Co3+ leads to Co 3d 

states with narrower gap between eg and t2g, which indicates the insulator to half-metal transition 
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for 10 at% Fe substituted LaCoO3 This has been evidenced by the delocalised feature of 

electrons on the Fe p states in LaCo0.9Fe0.1O3 in Fe K-edge XANES data. The better OER 

performance of LaCo0.9Fe0.1O3 than LaCoO3 is resulted from stronger Co 3d-O 2p covalency. It 

is originated from the Co3+ spin configuration transition from LS to higher spin state, which 

leads to insulator to half-metal transition and increases the electroconductivity. Hence, the 

increase in Co3+ spin state induces half-metal property of LaCo0.9Fe0.1O3, which gives rise to 

enhanced Co 3d-O 2p covalency and promoted OER performance. 

 

4.4 Summary 
 

In summary, we have studied a substitution strategy to tune the electronic structure of LaCoO3 in 

terms of Co 3d-O 2p covalency for enhancing the OER activity. The octahedral sites of 

rhombohedral distorted perovskite structure LaCoO3 were substituted by Fe. LaCo0.90Fe0.10O3 

exhibited improved OER activity as compared to LaCoO3. The enlarged Co 3d-O 2p covalency 

computed by DFT calculations interpreted this activity enhancement after 10 at% Fe 

substitutions. Besides, magnetic studies and DFT calculation revealed that the increase in spin 

state of Co3+ ratio is due to 10 at% Fe substitutions. OER result shows that the onset potential for 

LaCo0.90Fe0.10O3 is comparable to that of 80 nm LaCoO3 with optimal eg configuration16 and is 

close to that of benchmarked IrO2, indicating the effectiveness of 10 at% of Fe substitution on 

boosting OER activity of LaCoO3. This fine-tune strategy by Fe substitution enriches the 

existing methods to adjust electronic structure and it is promising to be extended to other oxide 

catalysts. 
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5 Chapter 5 
 

Mastering surface reconstruction of metastable spinel oxides for 

better water oxidation 
 

A rational design of spinel catalysts can be guided by studying the 

structural/elemental properties which determine the reaction mechanism and 

activity. Here, OER performance and surface evolution for ZnCo2-xNixO4 spinel 

oxides have been investigated. Stable ZnCo2-xNixO4 (x=0-0.4) follows adsorbates 

evolving mechanism (AEM) under OER conditions. Lattice oxygen participate in 

the OER of metastable ZnCo2-xNixO4 (x=0.6, 0.8) which gives rise to continuously 

formed oxyhydroxide as surface-active species and consequently enhanced OER 

activity. ZnCo1.2Ni0.8O4 exhibits performance superior to the benchmarked IrO2. 

By using density functional theory (DFT) calculations, we find that the relative 

position of O p-band and MOh (Co and Ni in octahedron) d-band centre in ZnCo2-

xNixO4 (x=0-2) correlates with its stability as well as the possibility for lattice 

oxygen to participate in OER. Our work illuminates the design of highly active 

metastable spinel electrocatalysts through the prediction of the reaction 

mechanism and OER activity by determining the relative positions of the O p-band 

and MOh d-band centre. 

________________ 
*This section published substantially as Y. Duan, S. Sun, Y. Sun, S. Xi, , X. Chi, Q. Zhang, X. Ren, J. Wang, S. J. 

Ong, Y. Du, L. Gu, A. Grimaud, & Z. J. Xu, Mastering Surface Reconstruction of Metastable Spinel Oxides for 

Better Water Oxidation. Advanced Materials, 31(12), 1807898 (2019). DOI: 10.1002/adma.201807898. 

5.1 Introduction 
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The development of efficient electrocatalysts which lower the overpotential of oxygen evolution 

reaction (OER) is of fundamental importance in improving the overall efficiency of fuel 

production by water electrolysis. 1,2 Among a plethora of catalysts being studied on, the precious 

metal oxides (i.e. IrO2 and RuO2) are commercially used ones.3,4 However, their elemental 

scarcity and high cost have aroused a search for cost-effective OER electrocatalyst such as 

transition metal oxides. To develop transition metal oxides as highly active catalysts, activity 

descriptors 5 including electron occupancy 6, covalency 7, structure 8,9 and exchange interaction 
10have been established to correlate with M−O binding energy 10,11. However, recent studies have 

found plenty of unstable materials which undergo surface amorphization after OER cycles 12,13. It 

is almost impossible to predict activity of these materials as a function of the oxygen binding 

energy based on the ideal surfaces as a consequence of the constantly evolving surface during 

OER.14–18 The correlation of  activity and stability of most catalysts, though, including metal 

oxides such as perovskite (e.g., LaMO3 19,20, SrMO3 16,20) and even non-oxide-based catalysts 

such as metal sulfides, selenides and phosphides 21(e.g., NiSe 14, CoSe2
22, Ni2P 23, Co2P 24, etc.), 

have been found to come at the expense of each other 16,20,25. For example, highly stable catalysts 

such as LaCoO3 normally do not have as high activity as Ba0.5Sr0.5Co0.8Fe0.2O3–δ (BSCF) 
15,26which yields at least an order of magnitude higher activity for OER than that of IrO2 in 

alkaline conditions. The surface of the most active oxides such as BSCF, however, were 

observed to reconstruct into a structure with edge-shared MO6 right after ball milling 25. Hence, 

stability is a critical parameter regarding to seeking highly active electrocatalysts. 
25Understanding the origin of the relation between stability and activity of oxides are crucial for 

rational design of high-performance catalysts.  

Many descriptors have been developed for investigating the relationship between activity and 

stability of metal oxides such as monoxides and perovskite oxides. Surface density of defects is 

found to control the stability and activity of SrRuO3 films. 16The defective surface is highly 

active, simultaneously, the residual polarity arises from the defects would increase the surface 

energy and results in unstable surfaces 27. Besides, simple parameters like the number of d 

electrons (Nd) have also been used to estimate the stability and activity of metal oxides including 

MO, LaBO3 and SrBO28,29. As the number of d electrons is increased through the nd series, more 

electrons are to accommodate into the bands. As more electrons fill into the antibonding eg 

states, the bonding energy, so as the stability, decreases linearly with the number of d electrons. 
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Simultaneously, the activity of these metal oxides is found to increase along d series. However, 

Nd is not plausible in estimating the stability and activity for mutimetal oxides. O p-band center 

(relative to EF) which describes the surface oxygen exchange efficiency emerges as a descriptor 

to evaluate both stability and activity of perovskite 30,31. Surface amorphization along with 

increased current and electrochemical active surface area can be easily induced when the 

distance between O p-band center and EF for a perovskite is closer than 2.2 eV 25, to which 

extent, the formation energy of oxygen vacancies drops 32, and the structural relaxation is 

initiated. Tolerance factor also influences the activity/stability behavior. A tolerance factor 

higher than 1 strongly destabilizes the structure of the perovskites. For example, 

La0.3(Ba0.5Sr0.5)0.7Co0.8Fe0.2O3 (LBSCF), having La3+ with smaller cationic radius substituting 

Ba2+ and Sr2+, gives rises to lower transition metal oxidation states. It is more stable whereas less 

active than BSCF in which large ionic radii of Ba2+ and Sr2+couples with the small Co4+ and Fe4+ 

radii, giving a high tolerance factor. 33Unstable perovskite oxides with high O p-band center 

(relative to EF) and tolerance factor give rise to a non-concerted proton-electron transfer 

mechanism involving the participation of lattice oxygen for OER. This mechanism is in contrast 

to the conventional concerted proton-electron transfer mechanism works on stable materials such 

as LaCoO3, LaMnO3, and La0.4Sr0.6CoO3 
25The intermediates species formed during OER 

process such as *OH, *O and *OOH are all attached on the B sites atoms, the real active sites, of 

these electrocatalysts. 34 In this lattice oxygen participated mechanism, ineffective electron 

donation by the B-site cation results in favorable formation of the surface Vo intermediates, 

hence ends up in decreased catalyst stability. It applies for perovskite materials such as SrCoO3-δ 

34and LaNiO3 
19, which are highly active but less stable under cycling.  

The above-mentioned descriptors can well describe the activity/stability behaviour for 

monoxides and perovskite oxides. However, the relationship between activity and stability for 

spinel oxides are not yet been explored. Spinel oxides have been drawing growing attention to be 

promising catalysts as well. 35,36 Interest in enhancing its activity generates investigations on 

underlying science such as catalytically active sites 37and facets 38 due to complex spinel 

structure with two different sites, tetrahedral (Td) site and octahedral (Oh) site 39. Electron filling 

on eg orbitals of octahedral site has been established as a descriptor for the OER activity of 

spinel oxides. 40 This enables metal cation substitutions and composition adjustments to boost the 

OER activity of spinel oxides. For example, the substitution of Co for Mn and Ni in Co3O4-δ 
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optimises eg filling and promotes OER. 40However, the stability for Co3O4-δ, MnCo2O4-δ and 

NiCo2O4-δ is very different from each other. Co3O4-δ, MnCo2O4-δ are stable under OER 

conditions, whereas NiCo2O4-δ exhibits a similar behaviour as BSCF with growing current 

density and pseudocapacitive redox peaks upon cycling 41. Studies have verified that the 

incorporation of Ni in spinel Co3O4 induces a surface modification with nickel/cobalt 

oxyhydroxide formed on the surface, which gives rise to increased activity 12. However, this is 

not sufficient in explaining the origin of the correlation between observed activity and stability of 

the oxides since it is undeniable that Co3O4-δ and NiCo2O4-δ are both liable to some extent of 

surface modification during OER process 41, though in different respects. The elusiveness of 

OER mechanisms for stable and unstable spinel oxides hinders the understanding of their 

different surface modifications, hence the different behaviour regarding to OER activity and 

stability. Besides, insufficient studies are yet on the stability of spinel oxides and insights on the 

mechanism of surface reconstruction of spinel oxides under OER conditions have not been 

provided.  

The metastable ZnCo2-xNixO4 are found to exhibit continuously increased OER currents along 

with cyclic voltammetry (CV) cycles. Their activities triple at the thousands cycle and are 

superior to that of benchmarked IrO2. We have disclosed that the surface of these spinels 

deprotonate to (oxy)hydroxide via a non-concerted proton-electron transfer process under OER 

conditions. The lattice oxygen plays a key role during the surface reconstruction process in 

indorsing structure relaxation, which gives rise to continuously formed (oxy)hydroxide and 

enhanced OER activity. This has been supported by the modified relative position of O p-band 

center (relative to EF) and MOh d-band center (relative to EF), so as the potential lattice oxygen 

participated OER mechanism for metastable ZnCo2-xNixO4 through density function theory 

(DFT) calculations. This work suggests tuning the relative position of O p-band center and MOh 

d-band center would trigger lattice oxygen participation in OER for spinel oxides and promote 

OER activities. The findings offer crucial insights in designing highly active metastable spinel 

oxide catalysts with lattice oxygen participated OER mechanisms. 

 

5.2 Experimental Methods 
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5.2.1 Material synthesis 

 

ZnCo2-xNixO4 powders were synthesized by a thermal decomposition method. Detailed 

synthesis method can be referred to Chapter 3.1.2.  

 

5.2.2 Material Characterizations 

 

The crystal structure was obtained by Bruker D8 Advance with Cu-Kα radiation (λ = 1.5418 Å). 

The (Brunauer-Emitter-Teller) BET specific surface areas of the materials were obtained using 

an ASAP Tristar II 3020. XANES and extended EXAFS characterizations were carried out at the 

XAFCA beamline of the Singapore Synchrotron Light Source (SSLS) to obtain structural 

information 42. Data reduction, data analysis, and EXAFS fitting were performed with the Athena 

and Artemis software packages 43. High-resolution transmission electron microscopy (HRTEM) 

and electron energy loss spectroscopy (EELS) were conducted in the Institute of Physics, 

Chinese Academy of Sciences by a JEOL 2100F transition electron microscope at the operating 

voltage of 200 kV to investigate morphology and composition after OER cycling compared with 

that of the as-synthesized materials. Both the raw material and cycled material were prepared by 

suspending them in ethanol by ultrasonication. The suspensions were then dropped onto carbon 

film coated Cu TEM grids and dried at room temperature. XPS measurements were conducted 

by a PHI-5400 with Al Ka beam source (250 W) and position-sensitive detector (PSD). The 

binding energy resolution is 0.8 eV, angle resolution is 45° and the detection limit is 80 K CPS. 

Base pressure of the measurement chamber is 3.0 × 10-7 Pa. The Ar ion (voltage 12 kV, current 

4.2 mA) sputtering speed is 0.28 nm/s over an area of 300 × 300 um2. Data from the 

measurements were calibrated using the adventitious carbon peak of the C 1s spectra (EB = 

284.8 eV). Soft XAS and XMCD: Pairs of soft X-ray absorption spectra (µ+/µ-) are measured 

with circularly polarized x-rays with 1T magnetic fields applying to the samples. The XMCD 

spectra arise from the difference between the µ+ and µ- spectra. 44Soft XAS and XMCD were 

obtained at SINS beamline of SSLS 45. 

 

5.2.3 Electrochemical Tests 
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The electrochemical tests were carried out by the three-electrode method in a plastic cell with 

ZnCo2-xNixO4 as working electrode, and mercury-mercury oxide electrode (Hg/HgO) and Pt 

plate serving as reference and counter electrodes, respectively.  10 mg perovskite material and 2 

mg carbon black were dispersed in a mixed solution of 0.4 mL isopropyl alcohol (IPA), 1.59 mL 

DI water and 10 μL Nafion perfluorinated resin to prepare the catalyst ink. The mixture was 

sonicated for 10 mins to achieve homogenized dispersion of spinel and carbon. The spinel 

material was dispersed in a diluted IPA containing 5% Nafion. The mass ratio of spinel material: 

carbon black was maintained at 4 : 1. The volume ratios of DI water: IPA: Nafion were 

maintained at 4 : 1 : 0.05. 10 μL of the ink was dropped onto a newly polished glassy carbon 

electrode (0.196 cm2). All electrochemical potentials here were against the reversible hydrogen 

electrode (RHE) under the condition with 1.0 M KOH. The conversion between potentials vs. 

Hg/HgO and vs. RHE was performed by the equation below. The Ohmic drop has been 

determined by electrochemical impedance spectroscopy. 

E (vs. RHE) / V = E (vs. Hg/HgO) / V + EHg/HgO (vs. SHE) / V + 0.059 × pH / V  

(EHg/HgO (vs. SHE) / V = 0.098 / V vs. SHE at 25°C) 

The oxygen evolution reaction was evaluated by cyclic voltammetry (CV) between 0.904 and 

1.624 V (vs. RHE) at a scan rate of 10 mV s-1). The samples prepared for TEM, XAS, XMCD 

and XPS measurements were cycled using this program for 1000 cycles with the scan rate of 10 

mVs-1. 

 

pH dependent experiments were conducted on pristine and cycled ZnCo2-xNixO4 to study the 

reaction mechanism. The second cycle for each CV scan was extracted to analyze the pH 

dependence of pristine ZnCo2-xNixO4 and the 1000th cycle of CV has been extracted to study the 

pH dependence of cycled ZnCo2-xNixO4. CV measurements for each sample were carried out in 

0.1M KOH (pH=13.12), 0.3162M (pH=13.54) and 1M (pH=13.98) with a scan rate of 10 mVs-1 

using three working electrodes from 1.1 to 1.7 V (vs. RHE). 0.1M, 0.316M and 1M KOH 

solutions were prepared and the pH of these solutions were determined by pH meter. OER 

experiments were conducted to the same RHE scale to ensure that the OER overpotential with 

respect to the equilibrium O2/H2O redox potential remained identical across different values of 

pH46. Nernstian/non-Nernstian potential shift was obtained by CV measurements carried out in 

various pH at a scan rate of 200 mVs-1 to observe the shift to lower potential for the redox peak. 
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5.2.4 DFT Calculations 
 

Researchers initially use metal d-band orbitals to describe the trend discovered in the adsorption 

energy of molecules on transition metals and metal alloys. They successfully correlated the d-

band centre with electrocatalytic performance 47–49. Motivated by this, researchers established the 

occupancy of eg electron for transition metal oxides as an activity descriptor, which correlates 

the surface adsorbate binding with the catalytic activity for transition metal oxides. 10 Later, an 

iono-covalent metal-oxygen bond is found to describe electronic structures of metal oxides more 

accurately 39, especially when oxygen redox reaction is considered in the electrochemical process 
32. To figure out the interaction between metal d-band and oxygen p-band orbitals for a better 

understanding of the electronic properties and electrocatalytic performances of substituted spinel 

oxides, we have carried out first-principles DFT+U calculations on the transition metal d states 

and oxygen p states for ZnCo2-xNixO4. The DFT calculations have been done based on the 

assumption that ZnCo2O4 is a representative spinel oxide with Zn2+ occupying tetrahedral (Td) 

site and Co3+ staying in octahedral (Oh) site 39. When Ni is substituted into ZnCo2O4, Ni atoms 

would take the place of Co atoms in octahedron. This is due to the preferential Td site occupancy 

of divalent Zn in spinel 50and the large formation energy for antisite defects, EZn-M (M denotes 

metal cations in octahedral sites)51. Besides, Ni and Co cations with a 3d6~8 electron 

configuration favor octahedral coordination (according to the crystal field stability energy). 52–

55This has been verified by XAFS characterizations. 

 

All density functional theory (DFT) calculations were carried out by the Vienna Ab-initio 

Simulation Package (VASP) 70, employing the projected augmented wave (PAW) model. The 

Perdew-Burke-Ernzerhof (PBE) functional, within the generalized gradient approximation 

(GGA) approach, was used to describe the exchange and correlation effect. 56 The GGA+U 

calculations were performed using the model proposed by Dudarev et al., 57 with the Ueff (Ueff = 

Coulomb U – exchange J) values of 4.7 eV, 3.3 eV, and 6.4 eV for Zn, Co, and Ni, respectively. 

In all the cases, the cutoff energy was set to be 450 eV. The Monkhorst-Pack 58 k-point mesh 

was set to be 6 × 6 × 6 and 9 × 9 × 9 for bulk optimazation and electronic structure calculations, 

respectively. Of all the calculations, the Brillouin zone was integrated using tetrahedron method 
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with Blöch corrections. The force and energy convergence tolerance were set to be 0.05 eV Å-1 

and 10-5 eV, respectively. 

 

The normal ZnCo2-xNixO4 spinels were constructed with Zn2+ located at the tetrahedral sites and 

Co3+ and Ni3+ at the octahedral sites. The value of x was controlled by substituting Co atoms by 

Ni in spinel ZnCo2O4. Both the O p-band centre and MOh d-band centre were computed by 

taking the weighted mean energy of the projected density of states of O-p and MOh d-states (both 

occupied and unoccupied states) relative to the Fermi level. 

 

5.3 Results and Discussions 
 

5.3.1 Material characterizations 

 

Pure ZnCo2-xNixO4 (x=0.0, 0.2, 0.4, 0.6, 0.8) phases were synthetized by thermal decomposition 

methods. Figure 5.1 exhibits the XRD patterns of the as-synthesized ZnCo2-xNixO4 (x=0.0, 0.2, 

0.4, 0.6, 0.8) oxides. With the increased amount of Ni replacing Co, a continuous peak shift 

towards smaller angle is observed, consistent with the increased lattice parameter for ZnCo2-

xNixO4 (x=0.0, 0.2, 0.4, 0.6, 0.8) from 8.124(7) Å to 8.180(7) Å (Table 5.1). This increase in 

lattice parameter corresponds to the simultaneous increase of Ni-O (Figure 5.1c), Co-O (Figure 

5.1c) and Zn-O bond lengths (Figure 5.2), and an expanded unit cell as well as a decreased 

thermodynamic stability.  
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Figure 5.1 (a) XRD patterns of ZnCo2-xNixO4 (x=0.0, 0.2, 0.4, 0.6, 0.8); BET surface area of 
ZnCo2-xNixO4 (inset). (b) Electronic structural characterization of ZnCo2-xNixO4 (x=0.0, 0.2, 
0.4, 0.6, 0.8) by XANES. Normalized Co K-edge XANES spectra (left panel) and Normalized Ni 
K-edge XANES spectra (right panel). (c) Geometric information characterization by Fourier 
transform of the EXAFS (FT-EXAFS). FT-EXAFS spectra and fitting for Co K-edge (left panel) 
and Ni K-edge (right panel). 
 

Table 5.1 Summary of lattice parameter of ZnCo2-xNixO4 (x=0, 0.2, 0.4, 0.6, 0.8).  

Sample 

   

Rwp Lattice 

parameter a (Å) 

Zero-point error Sample 

displacement 

ZnCo2O4 1.01% 8.124(7)  0.096 -0.03 

ZnCo1.8Ni0.2O4 1.02% 8.14(1) 0.00014 0.01 

ZnCo1.6Ni0.4O4 1.004% 8.149(5)  0.068 -0.02 

ZnCo1.4Ni0.6O4 1.1% 8.165(5)  0.0029 -0.006 

ZnCo1.2Ni0.8O4 1.2% 8.180(7) 0.0075 -0.01 
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The valency and site occupation of Zn, Co and Ni in ZnCo2-xNixO4 (x=0.0, 0.2, 0.4, 0.6, 0.8) 

oxides have been determined by XANES spectroscopies (see Figure 5.1 and Figure 5.2) and X-

ray absorption fine structure (EXAFS) (Figure 5.1 and Figure 5.2). They confirm ZnCo2-xNixO4 

(x=0.0, 0.2, 0.4, 0.6, 0.8) to have a normal spinel structure with Zn2+ accommodating the centre 

of tetrahedrons, Co3+ and Ni3+ staying in octahedral sites. However, when Ni substitution ratio is 

too high, to the extent where the O p-band centre is much higher in energy relative compared to 

MOh d-band centre, the structure becomes unstable and phase separation into rock-salt structure 

and wurtzite structure is observed by XRD where NiO and ZnO secondary phases coexist for 

ZnCo0.8Ni1.2O4 and ZnNi2O4 (Figure 5.3). This is further confirmed by the X-ray absorption 

near edge structure (XANES) data for ZnCo2-xNixO4 (x=1.2, 1.6, 2.0) (left panel of Figure 5.4), 

where the increase of F1 feature and the decrease of F2 in the white line of Zn K-edge in ZnCo2-

xNixO4 (x=1.2, 1.6, 2.0) indicate the appearance of ZnO wurtzite phase 59. The position of Ni K-

edge in ZnCo2-xNixO4 (x=1.2, 1.6, 2.0) (right panel of  Figure 5.4) progressively shifts towards 

lower energies, closer to that of NiO, indicating the dropped valence state of Ni cations and 

supporting the existence of NiO in ZnCo2-xNixO4 (x=1.2, 1.6, 2.0).  

 

 

Figure 5.2 (a) Normalized Zn K-edge XANES spectra of ZnCo2-xNixO4 (x=0.0, 0.2, 0.4, 0.6, 0.8, 
1.2, 1.6, 2.0). The inset shows the white lines of ZnCo2-xNixO4 (x=0.0, 0.2, 0.4, 0.6, 0.8) oxides. 
An increase in the intensity of F1 and decrease in F2 indicates the decreased degree of disorder 
in spinel structure. (b) FT-EXAFS k3χ(R) spectra of ZnCo2-xNixO4 (x=0, 0.2, 0.4, 0.6, 0.8) at Zn 
K edge.  
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Figure 5.3 XRD patterns of ZnCo2O4, ZnCo0.8Ni1.2O4 and ZnNi2O4. Peaks denoted by ‘*’ 
correspond to ZnO wurtzite structure and peaks indicated with ‘#’ refers to NiO rock-salt 
structure.  

 

 

Figure 5.4 Normalized Zn K-edge XANES spectra of ZnCo2-xNixO4 (x=0.0, 0.2, 0.4, 0.6, 0.8, 
1.2, 1.6, 2.0) (left panel). The inset shows the white lines of ZnCo2-xNixO4 (x=0.0, 0.2, 0.4, 0.6, 
0.8) oxides. An increase in the intensity of F1 and decrease in F2 indicates the increased degree 
of disorder in spinel structure. Normalized Co K-edge XANES spectra of ZnCo2-xNixO4 (x=0.0, 
0.2, 0.4, 0.6, 0.8, 1.2, 1.6) (middle panel). Normalized Ni K-edge XANES spectra of ZnCo2-

xNixO4 (x=0.2, 0.4, 0.6, 0.8, 1.2, 1.6, 2.0) (right panel). 
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5.3.2 Electrochemical studies 

 
Electrochemical measurements were then performed on pure ZnCo2-xNixO4 (x=0.0, 0.2, 0.4, 0.6, 

0.8) spinel phases. Cyclic voltammetry (CV) curves for ZnCo2-xNixO4 at the 2nd and 1000th cycle 

are shown in Figure 5.5a. ZnCo2-xNixO4 oxides exhibit for every Ni substitution level 

comparable activities at the 2nd cycle when normalized by BET surface area. After one thousand 

scans, the current density triples for ZnCo1.4Ni0.6O4 and that of ZnCo1.2Ni0.8O4 septuples to 

become superior to that of the state-of-the-art Co3+-based perovskite LaCoO3
60, Ni3+-based 

perovskite LaNiO3
60, as well as to the benchmarked IrO2

61 and comparable to that of the best-

ever reported IrO2 nanaoparticles62 (inset of Figure 5.5a). The overpotential measured for 

ZnCo1.4Ni0.6O4 and ZnCo1.2Ni0.8O4 at 25 µA cm-2
oxide are found decreased from 0.389 and 0.391 

to 0.336 V and 0.311 V, respectively, after one thousand cycles (Figure 5.5b). These 

observations contrast with those for ZnCo2O4, ZnCo1.8Ni0.2O4 and ZnCo1.6Ni0.4O4, for which 

the OER activity remains stable during repeated scans. This finding is also confirmed by 

chronoamperometry (CA) studies after cycling (Figure 5.6). When looking into the subsequent 

CV curves for the stable ZnCo2O4 (Figure 5.7a) and the metastable ZnCo1.2Ni0.8O4 (Figure 

5.5c), ZnCo1.2Ni0.8O4 yields continuously increased OER current along with cycles (decrease of 

the potential at 25 μA cm-2
oxide from 1.621 V to 1.543 V). In contrast, ZnCo2O4 presents 

negligible change in activity during cycling. This result confirms the role of Ni substitution in 

controlling both stability and activity for ZnCo2O4. To further understand the different 

activity/stability behaviour of ZnCo2O4 and ZnCo1.2Ni0.8O4, the evolution of the 

pseudocapacitive charge was tracked over thousands of cycles (Figure 5.7b and Figure 5.5d). 

Neither significant change in capacitive current nor evolution of pseudocapacitive curve along 

with OER activity is observed for ZnCo2O4. In contrast, the pseudocapacitive charge is 

correlated with the OER activity for ZnCo1.2Ni0.8O4 (Figure 5.5c inset and Figure 5.5d), which 

indicates that the major increase in the OER activity for ZnCo1.2Ni0.8O4 is well-explained by the 

reconstruction of a new surface. The Tafel slope for ZnCo1.2Ni0.8O4 increases to ~60 mV dec-1 

after cycling (inset of Figure 5.5a), similar to what is found for pure NiOOH, hence suggesting 

the formation of NiOOH on the surface of ZnCo1.2Ni0.8O4 
63. This is different from earlier 

studies in which mixed nickel/cobalt oxyhydroxide formed on the surface of Co-Ni oxides 12,64 
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was found to exhibit a Tafel slope of ~40-60 mV dec-1. Therefore, this calls for a careful study of 

the chemical and structural properties of the reconstructed surface of these spinel materials.  

 

 
 

Figure 5.5 Electrochemical characterization on OER performance of ZnCo2-xNixO4 (x=0.0, 0.2, 
0.4, 0.6, 0.8). All data points and error bars were obtained by averaging the results of at least 
three independent measurements. (a) CV curves of the 1000th cycle comparing to the 2nd cycle of 
ZnCo2-xNixO4 (x=0.0, 0.2, 0.4, 0.6, 0.8). The insets present the Tafel plot for surface-area-
normalized ZnCo2-xNixO4 (x=0.0, 0.2, 0.4, 0.6, 0.8) at the 2nd cycle (top) and 1000th cycle 
(bottom) compared with LaCoO3

60, LaNiO3
60, IrO2 (100) extracted from IrO2

61and IrO2
62. (b) 

iR corrected potential (in RHE scale) of the 1000th cycle comparing to the 2nd cycle of ZnCo2-

xNixO4 (x=0.0, 0.2, 0.4, 0.6, 0.8) at 25 µA cm-2
oxide. (c) Evolutive CV curves for representative 

ZnCo1.2Ni0.8O4 from 2nd to 1000th cycle in 1M KOH at 10 mV s-1 in between 0.904 and 1.624 V 
(vs. RHE). The insets show the redox peaks from 1.23 V to 1.5 V. (d) Evolution of the 
pseudocapacitive charge during cycling (0.904-1.624 V versus RHE) in 1M KOH (left axis) and 
the OER activity at 1.6V versus RHE (right axis) for ZnCo1.2Ni0.8O4.  
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Figure 5.6 Chronoamperometry of ZnCo2-xNixO4 (x=0.0, 0.2, 0.4, 0.6, 0.8) after 100th CV at an 
overpotential of 0.314 V (vs. RHE).  
 

 

Figure 5.7 a) Evolutive CV curves for representative ZnCo2O4 from 2nd to 1000th cycle in 1M 
KOH at 10 mV s-1 in between 0.904 and 1.624 V (vs. RHE). The insets show the redox peaks 
from 1.33 V to 1.59 V. b) Evolution of the pseudocapacitive charge during cycling (0.904-1.624 
V versus RHE) in 1M KOH (left axis) and the OER activity at 1.6V versus RHE (right axis) for 
ZnCo2O4. 
 

5.3.3 Characterization after electrochemical study 

 
A new phase is observed by high-resolution transmission electron microscopy (HRTEM) on the 

surface of ZnCo1.2Ni0.8O4 after cycling (Figure 5.8). To reveal the elemental composition of the 
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new surface phase, scanning transmission electron microscopy-energy-dispersive X-ray 

spectroscopy (STEM-EDS) and line-scan were conducted. The surface is found rich in Ni, while 

deficient in Zn and Co (Figure 5.8, Figure 5.9), suggesting that surface Zn and Co atoms are 

leached out during the OER process, while Ni segregates on the surface to reconstruct into a 

layer-type NiOOH. As observed by Electron energy loss spectroscopy (EELS), the 

disappearance of the feature B (Figure 5.10a) at 532 eV in the O K-edge indicates the decreased 

hybridization between oxygen and the antibonding minority spin M 3d states after cycling, 

suggesting an increase in oxygen vacancies and structural relaxation 65–67 due to structural 

oscillations 68. From the ratios of L3/L2 (Figure 5.10b and Figure 5.10c) calculated by Hartree–

Slater cross section method 69–71, surface Ni cations possess higher valence state after cycling, 

which is confirmed by XPS spectra. Indeed, peaks referring to Ni2+ at about 873 eV and 854 eV 
72 disappear, while remaining peaks at 971 eV and 855.5eV 73 can be ascribed to Ni3+ after OER 

(Figure 5.11). This is consistent with the presence of NiIII (oxy) hydroxide on the surface of this 

catalyst. Finally, a remarkable increase in the satellite structure of Ni edges at 861eV and 881eV 

is observed after OER cycling (Figure 5.12).  

 

 
 
Figure 5.8 Structural and compositional characterization of ZnCo1.2Ni0.8O4 before and after OER 
cycling. (a) ABF image of pristine ZnCo1.2Ni0.8O4 (left) and ZnCo1.2Ni0.8O4 after thousand 
cycles of OER in 1M KOH at 10 mV/s between 0.904 and 1.624 V (vs. RHE) (right). The inset 
at the bottom right is the FFT pattern for the bulk which can be referred to Fd3m space group. (b) 
STEM-EDS image and analysis of pristine (left) and cycled (right) ZnCo1.2Ni0.8O4. 
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Figure 5.9 X-ray photoelectron spectra (XPS) survey of Zn, Co and Ni 2p regions for 
ZnCo1.8Ni0.2O4 (a), ZnCo1.6Ni0.4O4 (b), ZnCo01.4Ni0.6O4 (c) and ZnCo1.2Ni0.8O4 (d) surface 
before OER testing (black line) and after thousand cycles of OER (after OER) in 1M KOH at 10 
mVs-1 between 0.904 and 1.624 V (vs. RHE). 
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Figure 5.10 (a) EELS spectra of O K-edge and Ni L-edge along the scanning pathway are to 
detect the change in O electronic structures and charge distributions of metal cations. L3/L2 
ratios of Ni edge calculated from Ni L-edge EELS spectra for pristine ZnCo1.2Ni0.8O4 (b) and 
cycled ZnCo1.2Ni0.8O4 (c). The ratios of L3/L2 for Ni edge before and after cycling have been 
determined by a Hartree–Slater cross section method 74. Lower L3/L2 corresponds to higher 
chemical states of the Ni cations. This indicates that there is surface Ni2+ before OER, and these 
surface Ni cations acquire higher valence state after cycling. 
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Figure 5.11 X-ray photoelectron spectra (XPS) of Ni 2p regions for ZnCo2-xNixO4 surface 
before OER testing and after thousand cycles of OER in 1M KOH at 10 mVs-1 between 0.904 
and 1.624 V (vs. RHE). Fittings of experimental spectra obtained for ZnCo2-xNixO4 are shown in 
coloured curves. Fittings of satellites are shown in dark blue colour.  
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Figure 5.12 XPS of Ni 2p regions for ZnCo1.2Ni0.8O4 surface before OER testing and after 
thousand cycles of OER in 1M KOH at 10 mVs-1 between 0.904 and 1.624 V (vs. RHE). Fittings 
of experimental spectra obtained for ZnCo1.2Ni0.8O4 are shown in coloured curves. Fittings of 
satellites are shown in dark blue colour. Shadowed area demonstrates the fitting of satellites. The 
satellite structure at 881eV is associated with a 2p5 3d7 final state transformed from a 2p6 3d7 
state in the photoemission process, and the structure at 861eV is attributed to the 2p5 3d8 L final 
state from 2p6 3d8. 69,70 Thus, the relatively strong satellite structure at the lower binding strength 
compared to that at higher binding strength is the result of increased Ni3+ which gives rise to 
removal of electrons from valence levels to which charge transfer from the ligand is facilitated 
75–77. The broadening of main peaks for the Ni edge indicates the presence of delocalised 
electrons on 3d-2p states after OER. 102 

 

 

Soft XAS and X-ray magnetic circular dichroism (XMCD) have then been employed to unveil 

the change in surface electronic structure of ZnCo1.2Ni0.8O4 before and after OER cycling. The 

average L2,3 absorption centroids for the Ni XAS of ZnCo1.2Ni0.8O4 is shifted to higher energy, 

which agrees well with the increased Ni valence state 78 after OER as detected by XPS.(Figure 
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5.11, Figure 5.12) The Ni L2,3 edge spectrum of cycled ZnCo1.2Ni0.8O4 after subtraction of the 

non-cycled one is illustrated by a pink line in Figure 5.13, which coincide with that of NiOOH 74. 

From the XMCD spectra (Figure 5.14), the net magnetic moment of surface Ni for 

ZnCo1.2Ni0.8O4 disappears after OER cycling. The disappeared magnetic moment arises from 

the newly formed NiOOH on the surface of ZnCo1.2Ni0.8O4 owing to the fact that NiOOH has no 

magnetic moment 79. From the surface characterizations conducted before and after OER, we 

confirm that the leaching of Zn gives rise to surface reconstruction and a larger concentration of 

near-surface Ni3+ active species. The Ni3+ rich surface induces a strong surface hydroxylation of 

ZnCo1.2Ni0.8O4 and leads in alkaline conditions to the formation of NiOOH, which is the main 

active phase for OER and leads to the promotion of the OER performances. However, at that 

stage of our study, understanding the exact reconstruction mechanism from spinel ZnCo2-xNixO4 

to oxyhydroxide and how the stability correlates with the reconstruction mechanism requires 

further elaboration.  

 

 

Figure 5.13 Soft XAS spectra at the Ni L2,3-edge for ZnCo1.2Ni0.8O4 before (red line) and after 
OER cycling (blue line).  
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Figure 5.14 XMCD spectra raised from the difference between the µ+ and µ- soft XAS spectra at 
the Ni L2,3-edge for ZnCo1.2Ni0.8O4 before (bottom) and after OER cycling (top).  
 

5.3.4 Reaction mechanism 

 
To aid the understanding of the OER reaction mechanism for ZnCo2-xNixO4, pH dependent 

experiments were conducted on both pristine and cycled ZnCo2-xNixO4. An increase in current 

density along with pH is observed for the whole series of ZnCo2-xNixO4 at the second cycle 

(Figure 5.15). A decreased Tafel slope along with increased pH is also observed, suggesting a 

change in rate limiting step or reaction pathways when increasing the KOH concentration. 80 To 

further understand this observation, the Nernstian/non-Nernstian potential shift was studied 

(Figure 5.16). The Pourbaix slopes (ΔEpeak,SHE/ΔpH) reach values lower than -120 mV/pH for 

both ZnCo2O4 (-146.34 mV/pH) and ZnCo1.2Ni0.8O4 (-129.27 mV/pH), indicative of a super-
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Nernstian effect with two protons exchanging for a single electron 81,82. The decomposition of 

spinel oxides ZnCo2-xNixO4 to CoOOH (x=0) or NiOOH (x=0.8) were further studied by 

sweeping one electrode in each KOH electrolyte from low to high concentration (Figure 5.17, 

Figure 5.18) and the other electrode from high to low concentration (Figure 5.18, Figure 5.19, 

Figure 5.20, Figure 5.21). The activity of ZnCo2O4 in pH=13 does not return to its initial value 

after three cycles at pH=14 and pH=13.5 (Figure 5.18a), and a similar observation is made for 

pH=13.5 (Figure 5.18b). At high pH of 14, stable performances are obtained independently of 

the pH used for the activation process (Figure 5.18c). These results suggest that the kinetics of 

decomposition from pristine ZnCo2O4 to CoOOH is more significant at higher pH. When 

sweeping from high to low pH, the activity does not change, (Figure 5.20a) indicating that a 

stable CoOOH layer quickly forms and its OER is not pH dependent. Similarly, the kinetics for 

the transition from ZnCo1.2Ni0.8O4 to NiOOH layer are faster at higher pH values (Figure 5.18m 

to o). However, unlike that of ZnCo2O4 (Figure 5.20a), when sweeping from high to low pH, 

activity of ZnCo1.2Ni0.8O4 at pH 13.5 is greater than at pH 14 (Figure 5.20b). This is attributed to 

the unstable nature of ZnCo1.2Ni0.8O4 for which more cycles are needed to reach a stable 

surface. In other words, ZnCo1.2Ni0.8O4 easily decomposes to form a thicker NiOOH layer at 

high pH value. pH dependent experiments for cycled ZnCo2-xNixO4 were then conducted. The 

cycled ZnCo2O4 shows no pH dependence after the 1000th OER cycles (Figure 5.22, Figure 

5.23), indicating that the CoOOH layer formed on the surface is highly stable and undergoes a 

classical concerted proton electron transfer. For cycled ZnCo1.2Ni0.8O4, whether sweeping from 

low to high or high to low pH, identical performances are obtained for a given pH value (Figure 

5.24), indicating the formation of a stable NiOOH layer after the 1000th cycle.  
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Figure 5.15 OER activity (current normalized by surface area of oxide) of pristine ZnCo2-xNixO4 
at 1.6 V (versus RHE) after iR correction as a function of pH. 
 

 
 
Figure 5.16 pH-dependent OER activity for pristine ZnCo2-xNixO4. CV measurements for 
pristine ZnCo2O4 (a) and ZnCo1.2Ni0.8O4 (b) from 0.1 M KOH (pH 13) to 1 M KOH (pH 14) 
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recorded at 10 mV s–1 on the RHE scales after iR correction. Insets are the Tafel plots in different 
pH. Increasing the pH value from 13 to 14 leads to seven times greater intrinsic OER activity 
(OER activity normalised by the surface area of working electrode) for pristine ZnCo2O4. The 
decreased Tafel slope along with increased pH, from 57.73 mV dec-1 to 48.59 mV dec-1, indicates 
a change in reaction pathways when using KOH with different concentrations. [25] All other 
samples exhibit similar performance . CV measurements for pristine ZnCo2O4 (c) and 
ZnCo1.2Ni0.8O4 (d) from 0.1 M KOH (pH 13) to 1 M KOH (pH 14) recorded at 200 mV s–1 on 
the SHE scales. Bottom panel shows the schematic for non-concerted proton-electron transfer of 
surface deprotonation of pristine ZnCo2O4 and ZnCo1.2Ni0.8O4. The Pourbaix slopes obtained 
for these materials are quite different from Ni(OH)2 (-90 mV/pH) which also reconstructs to 
NiOOH under OER conditions, meaning that this deprotonation behaviour is very dependent on 
the oxide which is used to form the hydroxide. 
 

 
 

Figure 5.17 OER activity swept from low pH to high pH for pristine ZnCo2-xNixO4. 
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Figure 5.18 OER activity swept from low pH to high pH comparing with activity swept from 
high pH to low pH in pH=13, pH =13.5 and pH=14 for pristine ZnCo2-xNixO4. 
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Figure 5.19 OER activity swept from high pH to low pH for pristine ZnCo2-xNixO4. 
 

 
Figure 5.20 OER activity swept from high pH to low pH for pristine ZnCo2O4 (a) and 
ZnCo1.2Ni0.8O4 (b). Tafel plots are shown in the insets.  
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Figure 5.21 a) The schematic for the transition from pristine ZnCo2O4/ZnCo1.2Ni0.8O4 to 

CoOOH/NiOOH. b) OER activity swept from high pH to low pH (current normalized by surface 
area of oxide) of pristine ZnCo2-xNixO4 at 1.6 V (versus RHE) after iR correction as a function 

of pH.  
 
 

 
Figure 5.22 OER activity swept from low pH to high pH comparing with activity swept from 
high pH to low pH in pH=13 (a), pH =13.5 (b) and pH=14 (c) for ZnCo2O4 after 1000th OER 
cycles. 
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Figure 5.23 (a) CV measurements for cycled ZnCo2O4 from 0.1 M KOH (pH 13.12) to 1 M 
KOH (pH 13.98) recorded at 10 mV s–1 on the RHE scales after iR correction. Insets are the 
Tafel plots in different pH. (b) CV measurements for cycled ZnCo2O4 from 0.1 M KOH (pH 
13.12) to 1 M KOH (pH 13.98) recorded at 200 mV s–1 on the SHE scales. Bottom panels show 
the schematic for concerted proton-electron transfer of surface deprotonation of cycled 
ZnCo2O4. 
 

 
Figure 5.24 OER activity swept from low pH to high pH comparing with activity swept from 
high pH to low pH in pH=13, pH =13.5 and pH=14 for ZnCo1.2Ni0.8O4 after 1000th OER cycles. 
 
However, unlike for cycled ZnCo2O4, the OER performance of ZnCo1.2Ni0.8O4 is found pH 

dependent (Figure 5.25a), which can tentively be explained by the different stability for both 

phases. Stable materials such as ZnCo2O4, ZnCo1.8Ni0.2O4 and ZnCo1.6Ni0.4O4 quickly form a 

thin layer of CoOOH (formed by ZnCo2O4) or NiOOH (formed by ZnCo1.8Ni0.2O4 and 

ZnCo1.6Ni0.4O4) on the surface. ZnCo1.4Ni0.6O4 and ZnCo1.2Ni0.8O4, however, are unstable 

under OER conditions, and so their surface continuously reconstruct and NiOOH is formed, 

which results in more durable improved activity upon cycling (Figure 5.25b). Because this 
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thicker amorphous layer participates in the OER, it might selectively impede the proton or 

electron transport within the whole thickness (Figure 5.25c), which is not the case for thin 

surface made of CoOOH. Hence, the stability of oxides is critical in determining the depth of 

CoOOH or NiOOH formation from the surface and thus the OER mechanism, which affects the 

activity of surface-active species.  

 

A representative unit for spinel oxide has been selected to study the ability of lattice oxygen to 

participate in the OER. In this cluster, one tetrahedron and three octahedrons are connected by an 

oxygen atom. Zn occupies the tetrahedral site, while Co and Ni are accomodated in octahedral 

sites. The lowest unoccupied molecular orbital (LUMO) of the cluster has been calculated while 

varying the number of Ni in octahedral sites from 0 to 2. The LUMO, which controls the energy 

required to remove an electron from the cluster and which is found to be of oxgen character 

mostly (inset in Figure 5.25d), dictates for these clusters the potential at which lattice oxygen 

becomes redox active. Thus, the lower the LUMO for the material, the easier the lattice oxygen 

evolution reaction. In Figure 5.25, when the number of Ni in octahedral sites is increased from 0 

to 2, LUMO first decreases before to increase. It indicates the increased ability for the material 

with a Ni substitution around 33% to undergo lattice oxidation under OER conditions. From the 

charge density of the materials, decreased oxygen bonding is observed for the 33% Ni 

substituted model, indicating that the lattice oxygen can be easily activated in this case. Hence, 

activating the redox for lattice oxygen in ZnCo1.4Ni0.6O4 and ZnCo1.2Ni0.8O4 would increase the 

participation of lattice oxygen in the OER, creating oxygen vacancies on the surface and 

continuously destabilizing the structure of the spinel, as we observed upon cycling. This results 

in the formation of a thick Ni oxyhydroxide surface layer and the continuous improvement of the 

OER activity. 
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Figure 5.25 (a) pH-dependent OER activity for cycled ZnCo1.2Ni0.8O4. (b) The schematic for the 
transition from pristine ZnCo2O4/ZnCo1.2Ni0.8O4 to CoOOH/NiOOH. (c) The schematic for 
nonconcerted proton-electron transfer (2 H+:1e- ratio is shown as an example) of surface 
deprotonation of cycled ZnCo1.2Ni0.8O4. (d) Energy of lowest unoccupied molecular orbital 
(LUMO) versus number of Ni in octahedral site. Insets are the schematic plots of models with 
one Zn atom in tetrahedral site, three Co or Ni atoms in octahedral site.  
 

5.3.5 DFT Calculation 

 
ZnCo2O4 is a representative spinel oxide with Zn2+ occupying tetrahedral (Td) site and Co3+ 

staying in octahedral (Oh) site39. With more electronegative Ni metal cations partially 

substituting Co3+, electrons would be drawn away from the remaining Co3+ and the energy of 

antibonding states would be lowered down,83 initiating a redistribution of electronic density 

between metal cations and oxygen84 and thus altering the electrocatalytic performances. To 

figure out the interaction between metal d-band and oxygen p-band orbitals, we have carried out 

first-principles DFT+U calculations on the transition metal d states and oxygen p states for 
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ZnCo2-xNixO4. Detailed calculation methods are shown in the supporting information. MOh d-

band centre (relative to EF) is initially 0.705 eV higher than O p-band centre (relative to EF) in 

ZnCo2O4 and decreases to 0.455 eV for ZnCo1.8Ni0.2O4 (Figure 5.26). When x 0.4, O p-band 

centre becomes higher than MOh d-band centre and the energy difference between them grows 

larger with further increased Ni substitution ratios. The relative position of O p-band and MOh d-

band should, to some extent, explain and predict the structural stability of spinel ZnCo2-xNixO4. 

In spinel with the ratio x=0 and 0.2, the energy of O states is lower than that of MOh, suggesting 

that lattice oxygen is redox inactive under oxidative conditions and that oxygen would binds 

strongly to the cations. When x is continuously increased to 0.4, the energy of O states becomes 

higher than that of MOh and thus oxygen ions become redox active. Nevertheless, since their 

energy are still relatively close, the whole lattice structure is still stable. However, when x is 

further increased to 0.6 and above, the energy of O states becomes greater than the energy of 

MOh states. According to previous work on perovskites, this finding suggest higher activity for 

lattice oxygen in the materials and thus the destabilization of the oxide. 34 To verify whether 

ZnCo2-xNixO4 (x=0-2) oxides are thermodynamically stable in these spinel phases, we have 

calculated their formation energies (Figure 5.26). The formation enthalpy of ZnCo2O4 is weaker 

than that of ZnCo2-xNixO4. Hence, with increasing Ni substitution into ZnCo2O4, the structure 

becomes more unstable. In order to assess the effect of the continuous shift of the spinel 

electronic structure, pure ZnCo2-xNixO4 (x=0.0, 0.2, 0.4, 0.6, 0.8) phases were synthetized by 

thermal decomposition methods.  
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Figure 5.26 Top panel shows the crystal structures of Ni substituted ZnCo2O4. ZnCo2-xNixO4 
(x 0.8) possesses a spinel structure with Zn accommodating tetrahedron (red), Co (grey) and Ni 
(pink) occupying and octahedron. ZnCo2-xNixO4 (x 0.8) has phase separation into wurtzite, 
spinel and rock-salt structures. Bottom left panel shows the schematic representation of MOh d-
band and O p-band for ZnCo2-xNixO4 (x=0, 0.2) with MOh d-band   centre higher than O p-band 
centre. Bottom right panel is the schematic representation of MOh d-band and O p-band for 
ZnCo2-xNixO4 (x=0.4, 0.6, 0.8) with O p-band centre higher than MOh d-band centre. (a) 
Formation energy of ZnCo2-xNixO4 (x=0, 0.2, 0.4, 0.6, 0.8, 1.4, 1.6, 2.0) relative to ZnCo2O4 
and O p-band centre relative to MOh d-band centre of ZnCo2-xNixO4 (x=0, 0.2, 0.4, 0.6, 0.8, 1.4, 
1.6, 2.0). Three regions are distinguished with the increased amount of x ratio: stable region for 
ZnCo2-xNixO4 (x=0, 0.2 and 0.4); unstable region for ZnCo2-xNixO4 (x=0.6 and 0.8) which 
undergoes significant surface reconstruction during OER cycles; for ZnCo2-xNixO4 with x>0.8, 
too high the formation energy or O p-band centre relative to MOh d-band centre results in very 
unstable phase and non-existent spinel structure.  
 

The PDOS for pure-phase ZnCo2O4, ZnCo1.6Ni0.4O4 and ZnCo1.2Ni0.8O4 spinel oxides are 

shown in Figure 5.27. Non-bonded oxygen p states can be observed for ZnCo1.2Ni0.8O4, but not 

for ZnCo2O4 and ZnCo1.6Ni0.4O4, which can be oxidized and form electrophilic oxygen species 

as active sites85. With increased substitution level, oxygen becomes much more electropositive 

than the metal cations in octahedron especially when x is larger than 0.4. Electrons from the O p-

band are poured into the d-band for ZnCo2-xNixO4 (x=0.6, 0.8), which initiates the dropped in 

formation energy of oxygen vacancies86 and structural relaxations. Overall, those two findings 
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(presence of non-bonding oxygen states and oxygen states at the Fermi level) suggest that lattice 

oxygen are more prone to participate to the OER reaction on the surface of ZnCo2-xNixO4 

(x=0.6, 0.8). (Figure 5.28) 

 

 

Figure 5.27 Electronic density of states (DOS) of ZnCo2O4 (top panel), ZnCo1.6Ni0.4O4 (middle 
panel) and ZnCo1.2Ni0.8O4 (bottom panel). 
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Figure 5.28 The schematics in the bottom middle show the adsorbates evolution mechanism 
(AEM) for ZnCo2-xNixO4 (x=0, 0.2 and 0.4) and the lattice-oxygen participated evolution 
mechanism (LOM) for ZnCo2-xNixO4 (x=0.6 and 0.8). Red and black atoms are from the lattice 
and the solvent, respectively.  
 

5.4 Summary 
 

This reveals the mechanism of activity/stability behaviour for spinel oxides through investigating 

Ni-substitution mediated OER activity and stability of ZnCo2O4. ZnCo2-xNixO4 has been 

synthesized by thermal decomposition methods and a Ni substitution larger than 40% does not 

give pure phased spinel oxides. The lattice parameter as well as M-O bond length of ZnCo2-

xNixO4 (x=0, 0.2, 0.4, 0.6, 0.8) increases with Ni substitution ratio, in accordance with the 

decreased stability of ZnCo2-xNixO4 as predicted by DFT. The OER performance of ZnCo2-

xNixO4 (x=0, 0.2, 0.4, 0.6, 0.8) has been studied by cyclic voltammetry (CV) at 10mV s-1 for 

thousand cycles. With small amount of Ni addition (x=0.2, 0.4), ZnCo2-xNixO4 exhibit similar 

activity and maintain commensurate stability as ZnCo2O4. With more Ni substitution (x=0.6, 

0.8), ZnCo2-xNixO4 exhibit continuously increased OER currents after cycling, and they possess 

triple activity at thousands cycle and superior to that of IrO2 . The electrons on O p-bands of 

ZnCo1.2Ni0.8O4 can be easily provided, which results in decreased stability and amorphized 

surface. ZnCo2-xNixO4 has been synthesized by thermal decomposition methods. The OER 

performance of ZnCo2-xNixO4 (x=0, 0.2, 0.4, 0.6, 0.8) Transmission electron microscopy (TEM), 

X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS) and X-ray 
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magnetic circular dichroism (XMCD) techniques aid the investigation on the surface-active 

forms of representative ZnCo1.2Ni0.8O4 under OER conditions. The surface of ZnCo1.2Ni0.8O4 

undergoes reconstruction, Ni3+ segregates on the surface of the catalysts, giving NiOOH as the 

real active species for ZnCo1.2Ni0.8O4. This transition from spinel oxide ZnCo1.2Ni0.8O4 to 

layered (oxy)hydroxide has been studied by pH dependent experiments, finding that a pH-

dependent deprotonation process occurs in the surface reconstruction. A non-concerted OER 

mechanism is proposed for ZnCo1.2Ni0.8O4. On the contrary, stable ZnCo2O4 is also verified to 

deprotonate during OER. However, this decomposition process for the transition from ZnCo2O4 

to a very thin layer of CoOOH is stabilized quickly. This work indicates that the OER activity 

and stability can be tuned by the amount of Ni substitution in spinel oxides ZnCo2O4. Variation 

in stability of ZnCo2-xNixO4 impacts on the reconstruction process occurring under OER 

condition in alkaline medium. Besides, the real active species for ZnCo2-xNixO4 have been 

revealed. The findings of this work provide insights for studying the surface evolution of spinel 

oxides under OER conditions and understanding the activity/stability behavior for spinel oxides. 

Density function theory (DFT) is applied in the disclosure of decreased stability, in the term of 

formation energy, of ZnCo2-xNixO4 with increased amount of Ni substitution. Besides, O p-band 

center (relative to EF) of ZnCo2-xNixO4 is predicted to uplift as compared to that of ZnCo2O4, 

which indicates a lattice oxygen participated OER mechanism for metastable ZnCo2-xNixO4. 

Simultaneously, the MOh d-band center goes down with increased Ni amount. When MOh d-band 

center is much lower than O p-band center, the compounds are unstable in pure-phase spinel 

structure. 
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6 Chapter 6 
 

Revealing the impact of electrolyte composition for Co-based water 

oxidation catalysts by the study of reaction kinetics parameters 
 

Recent studies have revealed the critical role played by the electrolyte composition 

on the oxygen evolution reaction (OER) kinetics on the surface of highly active 

catalysts. While numerous works were devoted to understand the effect of the 

electrolyte composition on the physical properties of catalysts’ surface, very little is 

known yet about its exact impact on the OER kinetics parameters. In this work, we 

reveal that the origin for the electrolyte-dependent OER activity for Co-based 

catalysts originates from two different effects. Increasing the alkaline electrolyte 

concentration for La1-xSrxCoO3- perovskites with x > 0 and for amorphous 

CoOOH increases the pre-exponential factor, which can be explained either by an 

increase of the concentration of active sites or by a change in the entropy of 

activation. However, changing the alkali cation results in a decrease of the 

apparent activation enthalpy for Fe-containing amorphous films, traducing a 

change in intermediates binding energies. 

 

________________ 
*This section is published substantially as Y. Duan, N. Dubouis, J. Huang, D. Alves Dalla Corte, V. Pimenta, Z. J. 

Xu & A. Grimaud, Revealing the impact of electrolyte composition for Co-based water oxidation catalysts by the 

study of reaction kinetics parameters. ACS Catal, 10(7), 4160 (2020). DOI: 10.1021/acscatal.0c00490. 

6.1 Introduction 
Water electrolysis has long been envisioned as critical for the penetration of renewable energies 

in the energy mix and into the chemical industry by storing electricity in the form of a chemical 
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fuel: hydrogen. Nevertheless, water electrolysis suffers from the slow kinetics associated with its 

two half reactions, namely the hydrogen evolution reaction (HER) and the oxygen evolution 

reaction (OER). This is especially true for the OER which shows slower kinetics when compared 

to the HER, as well as drastic instabilities associated with the harsh oxidative and corrosive 

conditions employed.1–4 While early reports in the design of new OER catalysts were often 

focusing on the tuning of the physical properties of the electrocatalysts surface in order to 

improve the OER kinetics,1,2,5,6 recent findings pointed towards the OER being highly dependent 

on the electrolyte composition for a wide variety of catalysts, including Co- and Ni-based 

compounds.6–13 Indeed, for crystalline Co-based catalysts such as the perovskites La1-xSrxCoO3-δ 

(with x ≥ 0.2),6,14,15 and LaNiO3,11 the Ruddlesden-Popper phase La2Li0.5Ni0.5O4
11 or spinel 

based catalysts (ZnCo1.2Ni0.8O4
7, Zn0.2Co0.8OOH8,  ZnFe0.4Co1.6O4

9
 and CoFe0.25Al1.75O4

10),  

the OER kinetics was found to be dependent on the concentration of alkaline solution MOH. 

Nevertheless, confronting this concentration dependence with results from an online 

electrochemical mass spectrometry (OEMS) analysis using isotopic labelling, it could be 

observed for the La1-xSrxCoO3-δ series that it is correlated with the evolution of oxygen 

originating from the transition metal oxide lattice.15 The conclusion was thus made that 

triggering the formation of electrophilic oxygen species “On-“ by decreasing the Fermi level 

energy into oxygen bands with increasing Sr2+-substitution level would induce a change in 

mechanism with the proton transfer being determining. Eventually, this limitation thus gives rise 

to the OER to be dependent on the electrolyte concentration. Hence, for LaCoO3 the OER 

activity was found independent on the KOH concentration, unlike for x ≥ 0.2. This proton 

transfer limitation could later be alleviated by the surface decoration of La0.5Sr0.5CoO3-δby 

phosphates moieties serving as proton relay, therefore increasing the OER kinetics16.  

 

Moreover, the OER dependence on the electrolyte composition is not limited to crystalline 

catalysts and was observed for amorphous electrodeposited oxyhydroxides catalysts such as 

CoOOH which have long been described as being greatly affected by the presence of impurities 

in the alkaline electrolyte, especially iron impurities17–20. For this class of amorphous catalysts, 

not only the alkaline electrolyte concentration controls the OER kinetics, but also changing the 

alkali cation from Li+ to Cs+ was found to affect the electrocatalytic properties of such films. 

Furthermore, as experimentally observed by different groups, the impact of the alkali cation is 



The Third Work  Chapter 6 

129 
 

more predominant for Fe-containing amorphous films and is thus dependent on the catalysts 

composition, alike for crystalline compounds.12,21,22,23,24 The reason for this change resides in 

both the change in the structure of the oxyhydroxides with a greater interlayer distance12,21 which 

favors the insertion of large alkali cation inside the catalyst,22,23 as well as the formation of 

different oxygen active species following the substitution of Ni or Co by Fe, as previously 

discussed for crystalline catalysts.23–25 
 

Hence, assessing and controlling the impact of the electrolyte composition on the OER kinetics 

was recently at the heart of the development of better OER electrocatalysts. Toward gaining 

deeper understanding of these complex effects, several operando analytical techniques as well as 

computation works were carried out to study the impact of the cations and/or electrolyte 

concentration on the physical properties of catalysts and/or the modification of surface 

intermediates.19,25–30 However, very little is known yet about the exact correlation existing 

between these interfacial properties and the OER kinetics parameters, hampering further 

improvement of efficient electrocatalysts. Hence, in order to decipher the origin for the 

modification of the OER activity as a function of the electrolyte nature, we embarked into a 

systematic temperature dependence study.  

 

Indeed, as for any catalytic reaction, the catalytic current is given by the product of the rate of the 

reaction by the concentration of active sites:  

                                                                                                                         (1) 

with  the current density,  the concentration of active species,  the rate constant for the 

reaction. Following the transition state theory, the rate constant of the reaction is given by the 

following equation:  

                                                                                                        (2) 

with  the transmission coefficient,  the Boltzmann’s constant, T absolute temperature,  the 

Plank constant and  the activation Gibb's free energy. However, while the rate constant is 

thus given by the product of the activation Gibb’s free energy of the reaction and the 

transmission coefficient for electron transfer, experimentally assessing the activation Gibb’s free 

energy is rather challenging. Instead, reaction rates are often compared by assessing the 

activation energy Ea as given by the Arrhenius equation: 
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                                                                ,                                              (3a) 

Leading after integration to: 

                                                                                            (3b) 

with  the activation energy, R gas constant and A the pre-exponential factor. Thus, identifying 

the experimental Arrhenius equation with the transition state theory leads to: 

                                                                                                                  (4) 

with the activation entropy (full derivation is given in the Supplementary Information). 

Furthermore, following the Bronsted-Evans-Polanyi relation, the energy of formation of the 

surface intermediates involved into the OER scales linearly with the activation energy. Therefore, 

when comparing the activation energies with the rate of the reaction, a linear trend should be 

obtained if the rate is only controlled by the energy of formation of the intermediates. Any 

deviation of this colinearity could be explained by two factors. First, the concentration of active 

sites must be accurately determined for each catalyst and must not be modified under operating 

conditions. Second, the pre-exponential factor is dependent on the conditions (electrolyte, 

operating potential, etc.). 

 

Therefore, when screening a wide array of catalysts with fixed operating conditions, we expect to 

measure a linearity between the activation energy and the rate of the reaction (normalized current 

density). However, when studying the impact of the electrolyte on the rate of an electrocatalytic 

process, this linearity may not hold since the pre-exponential factor might be modified. In this 

study, we therefore compare changes in experimentally assessed activation energies and pre-

exponential factors for a series of Co-based catalysts in different alkaline electrolytes. Doing so, 

we aim at revealing if the modification of the OER kinetics as a function of the electrolyte 

originates from a change in the energy of surface intermediates or rather in a change in the pre-

exponential factor that we discuss in light of the structure of water at the interface.  

 

6.2 Experimental methods 

 

Materials. Cobalt (II) nitrate hexahydrate (Co(NO3)2, reagent grade, 98%, Sigma-Aldrich), Iron 

(II) chloride (FeCl2, anhydrous, 99.5%, Alfa Aesar), Lanthanum (III) oxide (La2O3, Reacton® 
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99.9%, Alfa Aesar), Strontium carbonate (SrCO3, ≥99.9% trace metals basis, Sigma-Aldrich), 

Cobalt (II, III) oxide (Co3O4, 99.7% metals basis, Alfa Aesar), Nickel(II) hydroxide, (Ni(OH)2, 

Ni 61%, Alfa Aesar), Lithium hydroxide (LiOH, anhydrous, 99.995%, Alfa Aesar), Sodium 

hydroxide pellets (NaOH, Sigma-Aldrich), Potassium hydroxide (KOH, 99.99% purity, Sigma-

Aldrich), Cesium hydroxide hydrate (CsOH, 99.9% (metals basis) Alfa Aesar) and 

Tetramethylammonium hydroxide solution (TMAOH, ACS reagent Sigma-Aldrich) were 

purchased from commercial suppliers. Milli-Q water of 18.2 MΩ·cm was used in all 

experiments. 

 

Synthesis of La1-xSrxCoO3. Perovskites LaCoO3, La0.8Sr0.2CoO3, La0.6Sr0.4CoO3 and 

La0.5Sr0.5CoO3 were synthesized by conventional solid-state route. Detailed synthesis method 

can be referred to Chapter 3.1.3. 

 

Film deposition of Co(OH)2 and Fe0.5Co0.5(OH)2. Co(OH)2 and Fe0.5Co0.5(OH)2 were 

cathodically deposited. Detailed synthesis method can be referred to Chapter 3.1.4. 

 

Electrochemistry measurement. Electrodes were prepared for the perovskites series by drop-

casting an ink containing the oxide catalyst powder on a glassy carbon electrode. 10 µL of ink 

with a mass ratio of 5:1:1 of oxide catalyst to acetylene black carbon to Nafion® were loaded on 

the polished glassy carbon electrode surface (0.196 cm2). Oxygen evolution reaction (OER) 

measurements were performed on a biologic VSP potentiostat with a rotating disk electrode 

setup (PINE Inc, US.). A three-electrode configuration was adopted using glassy carbon 

electrode as working electrode, an Ag/AgCl saturated reference electrode and a Pt wire as 

counter electrode. The Ag/AgCl reference electrode was calibrated using a reversible hydrogen 

electrode (RHE) (HydroFlex, Gaskatel, Germany) before and after each experiment. A jacked 

cell connected with a chiller was used for temperature adjustment.  

For the measurements of CoOOH and perovskites LaCoO3, La0.8Sr0.2CoO3, La0.6Sr0.4CoO3 and 

La0.5Sr0.5CoO3 in alkaline solutions, all the alkaline solutions including LiOH, NaOH, KOH, 
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CsOH, and TMAOH were purified by Ni(OH)2 to remove Fe impurities. Prior to the temperature 

dependence study, a preconditioning step was applied during 20 scans at a scan rate of 100 mV/s 

in the potential range 1.1-1.7 V vs RHE. For the OER measurements, a scan rate of 10 mV/s was 

used for cyclic voltammetry (CV) measurements and the rotation speed was set to 1600 rpm. For 

this study, CV measurements were used instead of galvanostatic or potentiostatic measurements. 

Indeed, during potentiostatic or galvanostatic holdings, oxygen bubbles are generated on the 

electrode which surface is eventually partially blocked with time, as observed in Figure 6.1. This 

surface blocking is relatively limited during much shorter CV scans performed at 10 mV/s. For 

the temperature dependence measurements, the temperature was increased from 10 to 60 °C with 

an increment of 10 °C and electrochemical tests were performed afterwards at room temperature 

to ensure that the electrode suffered no drastic degradation or modifications.  

 

 
Figure 6.1 (a) Potentiostatic measurements performed for La0.6Sr0.4CoO3 at 25°C in 0.1 M KOH 
with a rotation rate of 1600 rpm and (b) Tafel slopes obtained by potentiostatic measurements 
compared to the one obtained for the same electrode using CV scan performed at 10 mV/s.  
 

All electrochemical potentials here are reported against the reversible hydrogen electrode (RHE). 

The conversion between potentials versus Ag/AgCl and versus RHE was performed by the 

equation below: 

E (vs RHE) = E (vs Ag/AgCl) + EAg/AgCl (vs RHE) 

and EAg/AgCl was calibrated at the different temperatures in the different solutions prior to the 

measurements using the RHE electrode (see above). Furthermore, the reversible potentials for 

the OER have been corrected as a function of the temperature31. 
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From the CV scans obtained at the different temperatures, Tafel curves were plotted for the OER 

currents which were obtained from the average between the forward and the backward scans in 

order to remove the capacitive current contribution, before to be corrected with the ohmic losses. 

The ohmic drops were corrected by subtracting the ohmic voltage drop from the measured 

potential, using an electrolyte resistance determined by high-frequency AC impedance, where 

iR-corrected potentials are denoted as E – iR (i as the current and R as the electrolyte resistance). 

Activation energy and pre-exponential factors for the perovskites and films in electrolyte with 

different pH and cations were extrapolated from the slope and the intercept of the ln(j) vs. 

1000/T curves. Error bars represent standard deviation from at least 3 independent 

measurements.  

 

Below, with LaCoO3 in 0.1M KOH as an example, we show the activation energy and pre-

exponential factor calculation: 
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Figure 6.2 a) CV Measurements of LaCoO3 from 10 to 60°C with an increment of 10°C. b) 
Averaged CV curves obtained from taking the average OER kinetic currents between forward 
and backward scans in order to remove the capacitive current contribution. c) Averaged Tafel 
plots by taking the average OER kinetic currents between forward and backward scans. Tafel 
slopes (~75mVdec-1) are labelled. d) Extrapolation of activation energy and pre-exponential 
factor from lnj vs 1000/T curve. 
 
Identification between the Arrhenius equation and TST theory:The activation energy is 

calculated from the slope of the Arrhenius plot of lnj @ η = 400mV  vs. 1000/T curve: 32,33 

 

The pre-exponential factor is calculated from the intercept of the curve lnj @ η=400mV vs. 

1000/T curve: 
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By Arrhenius equation, the activation energy has the following relationship with the rate 

constant: 

 

where  is the activation energy, T is absolute temperature, R is gas constant,  is the rate 

constant for the reaction. 

 

By the transition state theory, the standard free energy , can be written in terms of the 

equilibrium constant: 

 

 

 

 

 

 

 

 

 

 

For LaCoO3 in 0.1M KOH, the slope of lnj @ η = 400mV vs. 1000/T curve is -5.14, activation 

energy is: 
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The pre-exponential factor for LaCoO3 in 0.1M KOH is 15.09, as obtained from the intercept. 

 

The activation energy and pre-exponential factors are potential dependent.32 The values obtained 

are different when extrapolate at different potentials, and the activation energies and the pre-

exponential factors could also be extrapolated at η = 0mV, as done previously.33 By doing so, the 

trend of activation energies and pre-exponential factors for La1-xSrxCoO3 are shown in Figure 

6.3 below. The trend remains the same as the one found when extrapolated at η = 400mV. 

 

Figure 6.3 Activation energy and pre-exponential factor at η=0mV for La1-xSrxCoO3 vs OER 
exchange current density in 0.1M KOH at 20°C. 

 

Influence of the Mass-Transport. In order to assess the kinetic parameters from the measured 

current density, we must first make sure that all the mass-transport limitations are discarded so 

that the activity of the reactant at the electrode-electrolyte interface ( ) can be considered as 
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constant. The effect of the  mass-transport can be quantified by considering the Koutecký-Levich 

equation when a RDE setup is employed:34 

 

where  is the kinetic current,  is the number of electrons transferred,  the Faraday constant, 

 the diffusion coefficient for the reactant,  the scan rate in the experiment and  the rotation 

speed of the electrode. In the absence of mass transport limitation, the second term of the 

Koutecký-Levich equation should be null and the measured current density is the true kinetic 

current density. In the case of the alkaline OER, we first demonstrated the absence of influence 

of the rotation speed for the OER activity measured for different electrodes/compositions (both 

for dropped-casted perovskites as well as for electrodeposited materials, Figure 6.4). These 

measurements undoubtedly demonstrate that there is no mass transport limitation and that the 

measured current density truly reflects the OER kinetics. This is to no surprise, since the soluble 

reactive species involved in the OER rate determining steps are probably OH- anions (O* + OH- 

= OOH* + e-) (or maybe H2O molecules) for which the activity is large in the pH conditions 

explored (pH > 13). 
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Figure 6.4. CV measurements for LaCoO3 (a), La0.6Sr0.4CoO3 (c), CoOOH (e) and 
Co0.5Fe0.5OOH (g) at 20 °C with a rotation speed gradually increased from 400 rpm, to 900, 
1600 and 2500 rpm. CV measurements for LaCoO3 (b), La0.6Sr0.4CoO3 (d), CoOOH (f) and 
Co0.5Fe0.5OOH (h) at 20 °C with a rotation speed gradually decreased from 1500 rpm to 1600, 
900 and 400 rpm. Tafel plots and Tafel slopes are shown in insets. These measurements 
demonstrate that no mass transport limitations are measured for these electrodes under these 
conditions, making valid the assumption that the measured current is the kinetics one. 
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Characterization. X-ray powder diffraction (XRD) measurements were performed using a 

BRUKER D8 Advance diffractometer with Cu Kα radiation (λKα1 = 1.54056 Å, λKα2 = 

1.54439 Å). Data were collected using the X’Celerator detector in the 10-85° window in the 2θ 

range. 

 

The specific surface area for LaCoO3, La0.8Sr0.2CoO3, La0.6Sr0.4CoO3, La0.5Sr0.5CoO3 

perovskites were determined through Brunauer, Emmet and Teller (BET) analysis. Nitrogen 

porosimetry measurements were performed on a Micromeritics Triflex instrument at 77 K, after 

7 h outgassing at 150 °C.  

The electrochemically active surface area (ECSA) of CoOOH and Fe0.5Co0.5OOH were 

quantified based on the following equation: ECSA= CDL / CS where CDL is the non-faradaic 

double layer capacitance, CS is the specific capacitance and i=ν CDL where i is the current, ν is 

the CV scan rate. CDL is the slope of the i vs ν curve.  

 

6.3 Results and Discussions 

 

6.3.1 La1-xSrxCoO3-δ perovskite series 

 

Toward understanding the impact of the electrolyte on the OER kinetics on the surface of 

transition metal oxides, we first reinvestigated the La1-xSrxCoO3-δ perovskite series previously 

reported by several groups to show enhanced OER kinetics with the Sr2+ content.6,16,35,36 The 

OER kinetics for La1-xSrxCoO3-δ catalysts with x = 0, 0.2, 0.4 and 0.5 were first investigated in 

0.1 M KOH by the means of cyclic voltammetry in the 283-333 K range (Figure 6.5a). In this 

temperature range, no significant modification of the Tafel slope which is measured in the range 

of 72-79 mV dec-1 is observed (Figure 6.2and Inset in Figure 6.5a), values which deviate from 

the ones predicted by microkinetics analysis.37,38 32,39 Under such conditions, it becomes rather 

complex to correctly extrapolate the exchange current densities from the Tafel analysis. Similar 

observation was previously made for other complex electrocatalytic processes such as the HER 

on the surface of Pt-based catalysts and, in order to tackle this issue, analysis of the HER kinetics 
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was then done in the so-called micropolarization region.37,38. However, owing to the irreversible 

nature of the oxygen reactions (OER/ORR), this approach cannot be used for OER 

electrocatalysts. Therefore, in this work, the apparent activation energies were extracted from the 

current density at a fixed overpotential of η = 400 mV rather than by using the extrapolated 

exchange current densities (inset in Figure 6.5a and Figure 6.5b), while the apparent pre-

exponential factors were extrapolated following the method described in the Supplementary 

Information. Nevertheless, the activation energies and the apparent pre-exponential factors 

should theoretically be dependent on the overpotential,32 values may differ from previously 

reported values.39 However, this does not hamper comparing the results obtained for the different 

catalysts and/or electrolyte compositions. In fact, similar trends were obtained at η = 400mV 

when compared to those extrapolated using the temperature dependence of the exchange current 

density as extrapolated from the Tafel slopes (Figure 6.3). Therefore, conclusions on the physical 

origin for the OER dependence on the electrolyte and/or on the catalyst composition can be 

drawn from this experimental methodology. However, when comparing the values estimated at η 

= 400mV with those extrapolated using the temperature dependence of the exchange current 

density as extrapolated from the Tafel slopes (Figure 6.3), they are relatively similar. Such 

observation is rather surprising as, with 400 mV overpotential, one would expect the activation 

barrier to be lowered by 400 meV (~ 40 kJ mol-1). This emphasizes that no direct microkinetics 

analysis can be made for the OER in these conditions, and that both the concentration of active 

sites as well as change in the exposed oxide surface can occur, as recently pointed out.40 

Therefore, we believe than adopting a more phenomenological approach by extracting the 

activation energies and the pre-exponential factors at given values for the overpotential is a more 

adapted methodology. 
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Figure 6.5 (a) Cyclic voltammetry (CV) measurements for LaCoO3 electrode measured at 10 
mV/s in 0.1 M KOH from 10 to 60°C with an increment of 10°C. (b) Extrapolation of the 
apparent activation energy and the pre-exponential factor from the Arrhenius plot ln(j) vs 1000/T. 
(c) Schematic illustration for the effect of Sr2+ substitution into LaCoO3 on the activation barrier 
for the OER. (d) Apparent activation energies and pre-exponential factors extrapolated at 
η=400mV vs. RHE for the La1-xSrxCoO3 series as a function of the OER activity at η = 400mV 
vs. RHE measured in 0.1 M KOH at 20°C. 
 

 

The OER current density for the different Co-based perovskites was then normalized by the BET 

surface area to estimate the rate of the reaction (equation 1) and the apparent activation energies 

experimentally obtained were plotted as a function of the OER current density at η = 400mV in 

0.1 M KOH. Doing so, it appears that when the rate of the reaction is increasing, i.e. when the 

normalized current density is increasing, a decrease of the experimentally determined apparent 

activation energies is found (Figure 6.5 c-d). Thus, one can confirm that this methodology can 

accurately capture the previously reported trend in which the partial substitution of La3+ by Sr2+ 
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leads to an enhancement of the OER activity (note that, similarly to previous reports6, the OER 

activity in the 0.4 ≤ x ≤ 0.6 range for La1-xSrxCoO3-δ is only marginally impacted by the 

substitution level). This observation is in agreement with a previous report by Bockris and 

Otagawa who found a linear trend between the OER activity and the activation energies 

measured for a wide variety of perovskites, as we recently discussed.39,41  

 

Now turning to the evolution of the pre-exponential factor as a function of the OER activity, it is 

found to decrease concomitantly to the decrease of the activation energies. While the decrease of 

the pre-exponential factor should result in a decrease of the OER activity (equation 3b), the 

effect associated with the decrease of the activation energy is predominant on the OER kinetics 

for these perovskites. As previously discussed in the introduction, a modification of the pre-

exponential factor should either indicate that the rate of the reaction is incorrectly normalized, 

i.e. that the concentration of active sites is changing during the reaction, or that the entropy of 

activation is changed. However, observations that the activation energies and the pre-exponential 

factors evolve in a competing fashion was previously made with for instance Pt-based ORR 

catalysts. This effect is often referred to as a compensation effect.33,42,43 The physical origin for 

such effect is beyond the scope of this manuscript, however, when plotting the pre-exponential 

factor as a function of the activation energies that were obtained for the La1-xSrxCoO3-δ series, a 

linear correlation is obtained (Figure 6.6). Similar linear trends were previously obtained in other 

fields (biology, chemistry, solid-state conductors) and were explained by a multi-excitation 

effect.33,42,43 From this first study, we can however conclude, and to no surprise, that the 

enhancement of the OER activity within the La1-xSrxCoO3-δ series arises from a modification of 

the enthalpy of formation of the intermediates on the surface of these perovskites which lowers 

the activation energy. 
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Figure 6.6 Pre-exponential factors plotted as a function of the apparent activation energies 
extrapolated at η = 400mV for the La1-xSrxCoO3 series in 0.1, 0.3 and 1M KOH from Figure 
6.5d and Figure 6.7a.  
 

Having confirmed that modifying the electronic properties of OER catalysts has a direct impact 

on the activation energy and therefore on the energy of the surface intermediates, our attention 

then turned to the effect of the electrolyte concentration on the OER kinetics measured for Co-

based catalysts. First, as previously observed,16,35 the OER activity for LaCoO3 is found 

independent on the concentration of KOH while it increases for La1-xSrxCoO3-δcatalysts with x 

> 0 (Figure 6.7a). More importantly, the enhanced OER activity for La1-xSrxCoO3-δcatalysts 

with x > 0 is found to arise from an increase of the pre-exponential factor (Figure 6.7b). Instead, 

following the aforementioned compensation effect43, the activation energy is found to increase 

but not sufficiently for its effect to be predominant on the OER kinetics. Similar observation was 

made for Pt-based oxygen reduction reaction (ORR) alloy catalysts for which the activation 

energy was found invariant on the composition.44 Thus, two effects can explained the so-called 

pH dependence OER activity previously observed for perovskites. First, it can originate from an 

invalid normalization of the current density as the result of an increase of the concentration of 

active sites on the surface of the catalysts (equation 1). This change in concentration of active 

sites would suggest that a chemical deprotonation to form *O can precede the hydroxyl 



The Third Work  Chapter 6 

144 
 

adsorption on the surface of the catalyst. Second, the pH-dependence OER kinetics can also arise 

from an increase of the entropy of activation S*,44 which results in a greater apparent pre-

exponential factor.45 This would traduce a change in ions reorganization, certainly protons and 

hydroxyls, at the interface as a function of the electrolyte concentration.41,46,47 Finally, similar 

observation is made independently on the alkali-cation where the increase of the OER activity as 

a function of LiOH concentration is explained, alike for KOH, by an increase of the pre-

exponential factor rather than by a decrease of the apparent activation energy (Figure 6.7b). 

Overall, while the concentration has a great influence on the OER kinetics, the nature of the 

alkali-cation has a rather limited impact on the OER kinetics for these Co-based perovskites 

(Figure 6.7c and Figure 6.8-Figure 6.9). This is especially true when compared to the effect 

reported for amorphous Co-based electrodeposited films48 which will be discussed below.  
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Figure 6.7 Apparent activation energies and pre-exponential factors as a function of the OER 
activity measured at 20°C at η = 400mV (a) in 0.1, 0.3 and 1 M KOH for the La1-xSrxCoO3 
series, (b) measured for La0.5Sr0.5CoO3-δ (LSC05) 0.1, 0.3 and 1 M KOH and LiOH and (c) 
measured for La0.5Sr0.5CoO3-δ (LSC05) in 1 M LiOH, NaOH, KOH and CsOH.  
 

 

Figure 6.8 Activation energy and pre-exponential factor at η=400mV for La1-xSrxCoO3 vs 
activity at η = 400mV in 0.1M LiOH and KOH at 20°C. 
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Figure 6.9 Cation dependence studies of La0.5Sr0.5CoO3 in 0.1M LiOH, NaOH, KOH and CsOH. 
Activation energy and pre-exponential factor at η = 400mV for La0.5Sr0.5CoO3 vs activity at η = 
400mV in 0.1M LiOH, NaOH, KOH and CsOH at 20°C. 
 

6.3.2 Cobalt oxyhydroxide films 

 

To assess if such behavior is ubiquitous to every Co-based catalysts, we then investigated the 

behavior of electrodeposited amorphous cobalt oxyhydroxide films in different electrolytes. 

First, we should recall that the electrocatalytic activity of such amorphous catalysts is greatly 

affected by the presence of Fe-impurities in the alkaline electrolytes,12,20,21,23,49–53 and that the 

origin for such effects is still under intensive debate. For Fe-free electrolytes and films, the OER 

activity for CoOOH is found to be dependent on the concentration of KOH (Figure 6.10a). Alike 

for Co-based perovskites, this enhanced OER activity is explained by an increase of the pre-

exponential factor rather than by a decrease of the apparent activation energy (Figure 6.10b). 

Nevertheless, unlike for perovskites, this concentration effect depends on the nature of the alkali-

cation. Hence, no concentration dependence was observed with LiOH (Figure 6.10a) for which 

even though the pre-exponential factor is found to increase with the concentration of LiOH, this 

effect is counter-balanced by the decrease of the activation energy (Figure 6.10b) following the 

previously discussed compensation effect. Overall, the OER activity for amorphous CoOOH 

films is sensitive to the nature of the alkali-cation with Cs+ > Na+ ≈ K+ > Li+ (Figure 6.10c), alike 

what was recently reported for Fe-free NiOOH films by Koper and coworkers.48 Additionally, 

this dependence is only mild for K+, Na+ and Cs+ with only a factor of 2-3 in enhancement for 

the OER activity, while Li+ shows an order of magnitude in decrease when compared to K+, 

similarly to our previous observations.24 Furthermore, a decrease of the activation energy could 

explain this increase in OER activity (Figure 6.10d). Nevertheless, the trend is not as conclusive 

as for Fe-containing CoOOH films, as discussed below.  

 



The Third Work  Chapter 6 

147 
 

 

Figure 6.10 (a) CV curves for CoOOH measured at 20°C and (b) corresponding apparent 
activation energies and pre-exponential factors as a function of the OER activity at 20°C and η = 
400mV in 0.1, 0.3 and 1 M LiOH and KOH. (c) CV curves for CoOOH measured at 20°C and 
(b) corresponding apparent activation energies and pre-exponential factors as a function of the 
OER activity at 20°C and η = 400mV in 1 M LiOH, NaOH, KOH and CsOH.  
 

6.3.3 Fe-containing cobalt oxyhydroxide films 

 

Unlike for Fe-free CoOOH, the OER activity for Co0.5Fe0.5OOH films shows no dependence on 

the concentration of alkali salts with either LiOH or KOH ( Figure 6.11a). This observation is in 

line with our previous measurements for Ni-oxyhydroxide Fe-containing films for which almost 

no concentration dependence was observed.24 Once again, this concentration-independent OER 

kinetics is found to be accompanied with an almost perfect compensation of the increase of the 

activation energy by an increase of the pre-exponential factor ( Figure 6.11b). More interestingly, 

the OER kinetics for the Co0.5Fe0.5OOH films are found to be greatly dependent on the alkali-
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cation with Cs+ > K+ > Na+ > Li+ ( Figure 6.11c and d) following the decrease of the activation 

energy from ≈ 138 kJ/mol ( 2) in 1M LiOH to ≈ 47 kJ/mol ( 2) in 1M CsOH ( Figure 6.11d).  

  

 

 Figure 6.11(a) CV curves for Fe0.5Co0.5OOH measured at 20°C and (b) corresponding apparent 
activation energies and pre-exponential factors as a function of the OER activity at 20°C and η = 
400mV in 0.1, 0.3 and 1 M LiOH and KOH. (c) CV curves for Fe0.5Co0.5OOH measured at 20°C 
and (b) corresponding apparent activation energies and pre-exponential factors as a function of 
the OER activity at 20°C and η = 400mV in 1 M LiOH, NaOH, KOH and CsOH.  
 

Having demonstrated the effect of alkali-cation for Fe-containing films, one can then try to 

rationalize these observations. Indeed, our results suggest that the physical origin for both the 

concentration dependence observed for Fe-free films (as well as for perovskites) and the cation 

dependence measured and Fe-containing films (and to a lesser extend Fe-free films) is different. 

For Fe-free films, the concentration dependence in KOH arises from an increase of the pre-

exponential factor (Figure 6.10b). This increase can be explained by a greater concentration of 
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active sites (*O) following a partial deprotonation of the hydroxide sites at greater hydroxyls 

activity (i.e. greater concentration). Additionally, this increase can also arise from a change in the 

entropy of activation S* reflecting a modification of the electrolyte structure surrounding the 

active sites and a perturbation of the ions reorganization at the water/catalyst interface. In fact, as 

previously discussed for the HER, when transferring protons across the electrochemical interface 

from the inner to the outer Helmotz plane, protons undergo a change in configurational 

entropy,33,54,55 this change being dependent on the strength of the electrical field. Therefore, 

strengthening the electrical field stiffens the water structure in the double layer56 and therefore 

increases the work necessary to transfer protons or ions through the interface. Rather, for Fe-

containing films, the apparent activation energies are modified by changing the nature of the 

alkali-cation ( Figure 6.11d), which suggests a strong interaction of the whole film thickness 

with the electrolyte. This modification can be ascribed to the so-called self-insertion of cations in 

the film upon operation which modifies the chemical composition and the physical properties of 

the films and therefore the binding energies of intermediates.  

 

In order to better understand the major factor influencing this change in intermediates binding 

energies, the OER kinetics previously measured for Co0.5Fe0.5OOH with MOH solutions, M 

being an alkali-cation, were compared with the one measured for a large hydrophobic cation, 

namely tetramethylammonium TMA+ ( Figure 6.11c and d). Doing so, we found that the 

subsequent modification of the OER kinetics when using TMA+ is related to a change in the 

apparent activation energy ( Figure 6.11d). Plotting the OER activity for MOH solutions, a 

correlation is found with the size of the alkali-cations (Li+, Na+, K+ and Cs+) and therefore with 

their hydration enthalpy (Figure 6.12a). This could reflect that, unlike for the HER for which the 

use of Li+ was found to enhance the kinetics for Pt-based catalysts in alkaline solution owing to 

the stabilization of Li+-OH- adduct,46,47 stabilizing OH- which is the reactant and not the product 

for the OER leads to decreased kinetics by modifying the enthalpy of formation of the 

intermediates.  

Nevertheless, this trend does not hold for TMA+ which possesses a smaller hydration enthalpy 

when compared to Cs+ and for which the kinetics was found slower than for Cs+. Instead, it 

could be related to a modification of the hydrogen bonds formed between the alkaline electrolyte 

and the active sites of the amorphous films. Indeed, as shown for RuO2 catalyst, interactions 
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with neighboring OH groups can modify the energy of the *OO intermediate and therefore 

impact the OER kinetics57. In order to tentatively capture such modification of the hydrogen 

bonding network as induced by cations self-inserted in the amorphous films, the OER activity for 

Co0.5Fe0.5OOH was thus plotted as a function of the so-called B coefficient of the Jones-Dole 

equation for these five different cations (Figure 6.12b). Indeed, this coefficient empirically 

reflects the ability for cations to structure or disorder the hydrogen bonding network around 

themselves, as largely discussed in the field of liquid-liquid extraction.58–61 Hence, while cations 

that structure the hydrogen bonding network around themselves (Li+, TMA+ and Na+) - the so-

called kosmotropic cations which possess a positive B coefficients – tend to decrease the OER 

kinetics, introducing cations that disorder hydrogen bonds around themselves (chaotropic cations 

with negative B coefficients) enhances the OER activity of Fe-containing films. The physical 

origin for such trend remains at that stage largely unknown and further work is certainly needed 

to understand and control such effect. Nevertheless, one could tentatively propose that the 

stiffening of the water structure when using kosmotropic cations (Li+, TMA+ and Na+) can 

hamper the hydrogen bonding at the water/catalyst interface and affect the enthalpy of formation 

of *OO intermediate. These two effects (hydration enthalpy and stiffening of the water structure 

at the interface) are certainly simultaneously at play, nevertheless the strategy consisting in 

modifying the water structure by the wise selection of cations appears as promising in order to 

improve the OER kinetics of amorphous films. It could also be extended to anions that are 

known to greatly affect the OER kinetics of those films when intercalated.2,62 
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Figure 6.12 OER activity at η=400mV vs. RHE for Fe0.5Co0.5OOH measured in 1 M LiOH, 
NaOH, KOH, CsOH and TMAOH as a function of (a) the cation hydration enthalpy obtained 
from ref30 and (b) the B coefficients from the Jones-Dole equation for the different cations as 
obtained from ref30. 

 

6.4 Summary 

 

In conclusion, through a systematic temperature dependence study we could establish the 

physical origin for the concentration- and cation-dependence of the OER kinetics for a series of 

Co-based catalysts. First, we discussed how challenging the obtention of reliable experimental 

kinetic parameters for the OER catalysts is. Especially, we emphasize that the proper 

determination of exchange current densities for OER catalysts from a simple Tafel analysis may 

not be an adequate approach. Indeed, the modification of the surface coverage37 or of the catalyst 

nature40 with the applied potential result in Tafel slopes that do not match simple microkinetic 
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models, thus preventing the extraction of meaningful exchange current densities. In this work, 

we overcame this issue by comparing the kinetics of different materials at a given overpotential.  

Applying this methodology, we confirmed that when modifying the physical properties of 

perovskites based OER catalysts through a substitution strategy, the apparent activation energies 

are modified, reflecting a modification of the enthalpy of formation for the intermediates of the 

reaction. Furthermore, we could demonstrate for the first time for the OER that similarly to other 

fields such as biology, the experimentally determined apparent pre-exponential factors linearly 

trend with the apparent activation energies, following a so-called compensation effect. Having 

established the validity of the methodology, we then turned our attention to the study of the 

effect of the electrolyte composition on amorphous cobalt oxyhydroxides films. Doing so, we 

confirmed that Fe incorporation into these amorphous films greatly affects their OER activity. 

Comparing the apparent activation energies and the pre-exponential factors extracted from the 

temperature dependence study, we demonstrate that the concentration dependence observed for 

Fe-free films (as well as for the La1-xSrxCoO3-δseries) originates from an increase in the pre-

exponential factor as a result of either an increase of active sites or a change in the entropy of 

activation. These effects, which can hardly be capture by either operando measurements or by 

classical computational methods, are nicely captured by our experimental methodology which 

reinforces its significance to the field. Instead, for Fe-containing films, no concentration 

dependence was found but a large cation dependence is observed. This cation dependence arises 

from a change in the apparent activation energies, which reflect a change in the enthalpy of 

formation of the intermediates, certainly as a result of cation self-insertion into the film.  

Eventually, more remains to be done to fully uncover the concentration and cation dependence of 

the OER activity for these catalysts, especially from a theoretical point of view. However, we 

believe that such findings open up new avenues to intrinsically tune the electrocatalytic activity 

of OER catalysts by controlling the water/catalysts interactions in the vicinity of the active sites. 

Finally, we believe that this experimental methodology can be applied to understand complex 

electrolyte effects previously reported for other complex reactions such as the ORR or CO2 

reduction. 
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7 Chapter 7  
 

Implications/Impact/Outstanding Questions  
 

Chapter 7 draws together the threads of the thesis. The hypotheses are tested, 

and the goals are met. This thesis presents investigations on Co-based transition 

metal oxides/hydroxides as OER catalysts in alkaline solutions. It demonstrates 

how the intrinsic properties, surface properties and interfacial properties tune 

the mechanism and the kinetics of the OER. The understandings from these 

studies shine light on future catalysts improvements and design. Future research 

directions that can help to gain more insights on the understandings of surface 

electrochemistry are proposed. In the future, the gap existing in our 

understanding between the starting catalysts and the surface for the 

reconstructed materials will be bridged. The surface of the catalysts under 

exposure to different electrolytes environments will be explored. Extrinsic 

stimulations that can tune the intrinsic, surface and interfacial properties will be 

investigated.  
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7.1 Implications 
 
The hypotheses in the thesis are tested by experiments, characterizations, modeling and 

kinetic parameter extrapolations. How the goals are met will be explained in this section. This 

thesis regards the revealing of the OER mechanism by establishing the correlation between 

the material properties and the electrocatalytic properties. In the Chapter 4, the example of 

perovskite transition metal oxides LaCo0.9Fe0.1O3 demonstrates how electronic structure can 

be modified such that the OER activity is tailored. Characterizations providing structural 

insights such as XRD, SEM, FTIR, SEM and SQUID aid the understanding of the bulk 

properties of the materials. DFT modeling facilitates the comprehension of the intrinsic 

electronic structure of LaCo0.9Fe0.1O3. A link is built between the electrochemical 

performance of the material and its covalency of metal d band and O p band. In Chapter 5, 

both the electronic properties and the surface reconstructed properties have been probed by 

characterization techniques and DFT calculations. The novel OER mechanism involving 

surface reorganization is correlated with the intrinsic properties. In details, electrochemical 

studies, XAS, XRD, XPS, TEM-EDS, EELS and XMCD analyze the Ni agglomeration and 

the reconstruction with the participation of surface oxygen. This observed electrocatalytic 

performance is due to the more active O p-band compared with M d-band. In the Chapter 6, 

perovskite transition metal oxide LSCO and transition metal hydroxides CoOOH/ 

Co0.5Fe0.5OOH are found to exhibit different behaviors when tuning the electrolyte 

compositions, which include the concentration of the OH- and the alkali cation species in the 

electrolyte. Different from that in Chapter 5 which employs electrochemical studies on the 

study of interfacial properties, here, kinetic parameters are extrapolated by the use of 

temperature dependent experiments. The pH dependence of LSCO and CoOOH originates 

from the increase in pre-exponential factors as a result of increased concentration of active 

sites and/or a change in the entropy of activation of the reaction. Instead, the cation 

dependence observed for Co0.5Fe0.5OOH is attributed to the change in activation energy as a 

result of the modified formation enthalpies of the intermediates. From the listed studies in the 

thesis, we have reached out from the bulk of the catalysts, to the surface of the catalysts, 

finally to the interface between the catalysts and the electrolyte. The catalytic activity is well 

corelated with their intrinsic, surface and interfacial properties. The findings are not only 

meaningful for the understanding of OER for Co-based transition metal oxides/hydroxides, 

they are helpful for future design of highly active electrocatalysts. 
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7.2 Recommended Future Work 1 
 

From the previous studies in the thesis, some very active catalysts such as ZnCo1.2Ni0.8O4 and 

LSC were found to undergo surface reconstruction, their surfaces forming an oxyhydroxide 

outermost layer under OER conditions, while others catalysts were found quite stable and 

presenting a poor activity during OER, examples including LCO and ZnCo2O4. We suspect 

that the surface of these stable materials would form oxyhydroxide on the surface as well, but 

a rather thin layer. Though in both cases, oxyhydroxide is formed, the activities vary. This 

difference in activity does not come from the thickness of the oxyhydroxide layer itself, 

because the activity for pure oxyhydroxide is very low. Rather, the starting catalyst onto 

which the oxyhydroxide forms is important. However, how does the structure of the starting 

catalyst influence the resulted oxyhydroxide surface, which give rise to different overall 

activity, remains unexplored. We believe that by establishing the relationship between the 

starting catalyst and the surface, we would have better design principles for catalysts. 

Furthermore, spin-state conservation has been found in transition metal oxides with metal 

cations of d4−d7 configurations during redox reaction.1 We propose that after OER, the newly 

formed oxyhydroxide would remain in the spin state of the starting catalyst. To test this 

hypothesis, two Co-based materials would be used as a comparison to study their electronic 

structure before and after OER. One is CoO with Co(II) HS, the other is CoS2 with Co(II) LS. 

We would hold the OER potential for a long time for the surface oxyhydroxide to form for 

both materials. Then, soft XAS with TEY mode would be employed to study the spin state of 

Co after OER to see whether Co atoms in the surface oxyhydroxide would remain in the same 

spin state as the starting material. 

 

7.2.1 Experimental details 
 

Commercial cobalt (II) oxide CoO (99.99% trace metals basis) and commercial cobalt sulfide 

CoS2 (99.98% trace metals basis) were purchased from Sigma-Aldrich.  

Their crystal structures and purity were assessed by Bruker D8 Advance with Cu-Kα radiation 

(λ = 1.5418 Å). The (Brunauer-Emitter-Teller) BET specific surface areas of the materials 

were obtained by ASAP Tristar II 3020. CoO shows a BET surface area of 16.95 m2g-1 and 

CoS2 exhibits a surface area of 6.56 m2g-1.  
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Electrochemical studies were conducted using a three-electrode method in 0.1M KOH. 10 mg 

materials and 2 mg carbon black were dispersed in a mixed solution of 0.4 mL isopropyl 

alcohol (IPA), 1.59 mL DI water and 10 μL Nafion perfluorinated resin to prepare the catalyst 

ink. The mixture was sonicated for 10 mins to achieve homogenized dispersion of the 

materials and carbon. The oxides were dispersed in a diluted IPA containing 5% Nafion. The 

mass ratio of material: carbon black was maintained at 4 : 1. The volume ratios of DI water: 

IPA: Nafion were maintained at 4: 1: 0.05. 10 μL of the ink was drop casted onto a freshly 

polished glassy carbon electrode (0.196 cm2). All electrochemical potentials here are reported 

against the reversible hydrogen electrode (RHE) using a 1.0 M KOH solution. The conversion 

between potentials vs. Hg/HgO and vs. RHE was performed by the equation below. The 

Ohmic drop has been determined by electrochemical impedance spectroscopy. 

E (vs. RHE) / V = E (vs. Hg/HgO) / V + EHg/HgO (vs. SHE) / V + 0.059 × pH / V  

(EHg/HgO (vs. SHE) / V = 0.098 / V vs. SHE at 25°C) 

The oxygen evolution reaction was evaluated by cyclic voltammetry (CV) between 1.1 and 

1.7 V (vs. RHE) at a scan rate of 10 mV s-1. CV scans were found for CoO to slightly 

decrease before to quickly stabilize. The CV curves for CoS2 stabilized after 25 cycles. The 

activities for CoO and CoS2 were compared after stabilization. 

Soft X-ray absorption were carried out at XAFCA beamline of SSLS to obtain the surface 

structure information of CoO and CoS2 before and after OER. 

 
7.2.2 Preliminary results 
 

 

Figure 7.1 XRD patterns for CoO and CoS2. 

 

The crystal structures of CoO and CoS2 were characterized by powder X-ray diffraction 

(XRD). As displayed in Figure 7.1, the diffraction peaks of the as-prepared CoO match with 
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that of the standard rock-salt (Fm-3m) structure with Co in octahedral sites. CoS2 exhibits a 

typical pyrite (Pa-3) structure with Co in a 6-coordinate environment.  

 

 

Figure 7.2 Electrochemical studies of CoO and CoS2 in 0.1M KOH. 

 
Cyclic Voltammetry measurements were performed on CoO and CoS2 in 0.1M KOH with a 

scan rate of 10 mVs-1. CoO is very stable in the electrolyte. However, CoS2 is stabilized after 

25 cycles activation in KOH. Activities normalized by the BET surface area are presented in 

Figure 7.2. The OER current density for CoS2 is 4 times higher than CoO.   

 

 

Figure 7.3 Co L-edge for CoO and CoS2 before and after OER. 

 

The Co L-edge XAS spectra recorded for CoO and CoS2 before and after OER have been 

shown in Figure 7.3. Based on theoretical calculated spectra for high spin Co2+ and low spin 
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Co2+ reference2,3, the Co2+ in pristine CoO exhibits a high spin configuration4, whereas Co2+ 

in pristine CoS2 possesses a low spin configuration.5 (Figure 7.4) The main peak for both 

pristine CoO and CoS2 lies at around 781 eV (Figure 7.3a and b). Normally, low-spin 

fragments possess shorter metal-ligand bond lengths than their high-spin counterparts.9 

However, CoO with Co2+ at higher spin state possesses shorter Co-O length compared to Co-

S in CoS2. Based on ligand field theory, S-S in CoS2 is a strong σ bond, which has a strong 

ligand field. Thus, this ligand field splitting energy is larger than the exchange energy and 

Co2+ in CoS2 is in the low spin state.6 CoO is considered as an ionic compound, which has 

low ligand field energy. This results in high spin state of Co2+ in CoO.7 The bond length is not 

only influenced by the spin state, but also by the type of ligands as well. Though Co2+ in CoS2 

has low spin state (t2g6 eg1), it does not exhibit a Jahn-Teller (J-T) distortion. This is 

manifested in the cubic structure of CoS2 and 90° bond angle of Co-S-Co (Figure 7.4d). With 

valence state of S-1, there is an electronic hole on the 3p state of S, which results in a FM spin 

conductive band. Hence, a half metallic feature of CoS2 is observed from DOS calculation. 

As shown in Figure 7.5, CoO possesses a band gap energy of ~2eV which indicates an 

insulating feature. The majority spin state and minority spin state fully coincident with each 

other, indicating nonmagnetic feature of CoO. (Figure 7.5c) 4 Unlike for LCO, ZnCo2O4 and 

CoO materials, CoS2 shows a half metallic feature (Figure 7.5d). This agrees well with 

previous reports as well5. Besides, the eg state of Co2+ in CoS2 partially degenerates, which 

weakens the J-T distortion of CoS2.8 

 

 

Figure 7.4 Spin state and electron configuration for pristine CoO (a) and CoS2 (b). Crystal structures 
for CoO (Co-O bond length=2.13 Å) (c) and CoS2 (Co-S bond length=2.33 Å) (d). 
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Figure 7.5 DOS of LaCoO3, ZnCo2O4, CoO and CoS2. 

 
After reaction, the main energy peak for both CoO and CoS2 (Figure 7.3c and d) becomes 

1eV higher than for the pristine materials.9 This is explained by the generally accepted notion 

that the increase in the valence state results in the shift of the L2,3 XAS spectra to higher 

energies by 1 eV or more.10 Furthermore, a small shoulder is present before the main peaks, 

indicating the partial existence of Co2+ on the surface of CoO and CoS2 after OER. The 

reacted CoS2 has a rather sharp main peak at 795 eV with a high-energy shoulder, while the 

CoO spectrum shows a weak main peak. 11 Besides, the Co spectrum for CoO after OER 

shows a larger I(L3)/I(L2) branching ratio as compared with the CoS2 after OER. This 

indicates that Co in CoS2 maintains its low spin state after reaction and Co in CoO maintains 

its high spin state (Figure 7.6). 11   

 

 
Figure 7.6 Spin state and electron configuration for CoO and CoS2 after OER. 

 



Implications/Impact/Outstanding Questions  Chapter 7 

165 
 

 

Figure 7.7 O K-edge for CoO and CoS2 before and after OER. 

The XAS O K-edge spectra for pristine CoO and CoS2 are shown in Figure 7.7a and c, 

respectively. The pre-edge peak for CoO with the energy lower than 535 eV can be assigned 

to the transitions from O 1s orbital to the hybridized states between O 2p orbital and Co 3d 

orbital.12 The peaks above 535 eV are indexed to the transition from O 1s to the hybridized 

states between O 2p and Co 4sp orbitals.13 The O signals detected for pristine CoS2 are from 

the absorption of oxygen from the atmosphere (Figure 7.7c). After OER, the oxygen states on 

the surface of CoO and CoS2 are quite similar, which is the result of the formation of an 

(oxy)hydroxide surface layer after oxidation (Figure 7.7b and d). Both CoO and CoS2 change 

their oxidation states from Co2+ to Co3+ after cycled in KOH. Co cations in CoO retain high 

spin state and those in CoS2 remains low spin states after OER. With similar oxidation states 

but different spin states, the OER activities for CoO and CoS2 are very different. This 

observation hints towards the effect of spin state on the OER activity that will need to be 

confirmed in future work. 

 

7.3 Recommended Future Work 2 
 

In the previous work in the thesis, we studied the effect of tuning the electronic structure of 

the materials to improve their water-splitting efficiency. This includes tailoring the spin state 

of the metal cations and tuning the metal and oxygen states. Recent studies also found out 

electron spin polarization to be an efficient way to boost the efficiency of water 
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electrocatalysts.14 This can be achieved by introducing an outside stimulator, for example, a 

magnet. After an exposure to magnetic field, the magnetic moments in ferromagnetic 

materials can be aligned, hence the spin state of the metal cation can be tuned. By 

magnetizing a ferromagnetic material, electronic structure of the bulk material can be tuned 

and thus further constrain the electronic structure of the surface-active species. Besides, the 

effect of magnetization stimulator on the interaction between the catalysts and the water 

surroundings can be uncovered as well. Here, antiferromagnetic (AFM) Na0.75CoO2 and 

ferromagnetic (FM) La0.25Sr0.75CoO3 have been employed for the investigation of the 

magnetic stimulator on their OER efficiency. 

 
7.3.1 Experimental details 
 

Na0.75CoO2 and La0.25Sr0.75CoO3 were synthesized by a solid-state method. Stoichiometric 

amounts of Na2CO3 and Co3O4 or La2O3, SrCO3, Co3O4 were grinded and pressed into 

pellets. The pellets were sintered at 900 °C for 12 hours. XRD were conducted for the phase 

determination. Electrodes will be exposed to magnetic field prior to the electrochemical tests. 

CV studies will be conducted in 0.1/1 M CsOH/KOH/NaOH/LiOH for electrodes with or 

without magnetization.  

 
7.3.2 Preliminary results 
 
 

 
 

Figure 7.8 XRD pattern for Na0.75CoO2. 
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The crystal structures of Na0.75CoO2 were characterized by powder X-ray diffraction (XRD). 

As displayed in Figure 7.8, the diffraction peaks of the as-prepared Na0.75CoO2 match with 

that of the standard P63/mmc structure with alternative CoO2 layers and CoO6 octahedrons.  

 
7.4 Recommended Future Work 3 
 

In the previous work in the thesis, the physical origin of the electrolyte composition on the 

performance of the catalysts has been revealed. Transition metal oxides/hydroxides react with 

the alkaline solution in different ways as a function of the electrolyte composition. However, 

how the electronic and local structures of these materials vary during OER in electrolytes with 

different cations and impurities has to be explored. Fe impurities and different cation species 

are introduced to the OER of Zn1-xSrxCo2O4. Electrochemical properties, surface and 

interfacial properties will be explored. 

 

7.4.1 Experimental details 
 

Spinel oxides Zn1-xSrxCo2O4 were synthesized by sol gel methods, phase purity has been 

confirmed by X-ray diffraction (XRD). Electrochemical tests and pH dependent experiments 

were conducted in LiOH/NaOH/KOH with/without Fe impurities and different behaviors 

were observed.  

 
7.4.2 Preliminary results 
 
Zn0.99Sr0.01Co2O4 exhibits continuously increased OER currents along with cycling, and 

eventually shows better OER activity than that of ZnCo2O4, indicating the formation of a new 

surface for Zn0.99Sr0.01Co2O4. It is due to the dissolution of highly soluble Sr2+ in alkaline 

solution, which triggers the oxidation of Co3+ active species to form (oxy)hydroxide on the 

surface. However, we will still need to study the electronic properties as well as the local 

structure of the new surface formed after OER reaction. Indeed, this new surface is certainly 

dynamic and interact with the electrolyte and its composition, as we could observe by adding 

1000 ppm Fe impurities in the electrolyte. Indeed, with Fe impurities in these alkaline 

solutions, the OER activity of Zn0.99Sr0.01Co2O4 is highly boosted in KOH and NaOH while 

it remains low for LiOH (Figure 7.9). Hence, additional experiments are needed to understand 

the dynamics of the surface, especially the Co oxidation state and environment as well as the 
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incorporation of Fe impurities. For that, XANES and EXAFS are to be conducted for studying 

the electronic and local structure of these spinels during OER in electrolytes with different 

cations and impurities.15  

 

 

 

 

Figure 7.9 Summary of OER activity of Zn0.99Sr0.01Co2O4 in 1M LiOH/NaOH/KOH solution with and 
without Fe impurities. 
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Conclusion 

The hypotheses in the thesis are tested by experiments, characterizations, modeling and 

kinetic parameter extrapolations. This thesis regards the revealing of the OER mechanism by 

establishing the correlation between the material properties and the electrocatalytic properties. 

In the Chapter 4, the example of perovskite transition metal oxides LaCo0.9Fe0.1O3 

demonstrates how electronic structure can be modified such that the OER activity is tailored. 

Characterizations providing structural insights such as XRD, SEM, FTIR, SEM and SQUID 

aid the understanding of the bulk properties of the materials. DFT modeling facilitates the 

comprehension of the intrinsic electronic structure of LaCo0.9Fe0.1O3. A link is built between 

the electrochemical performance of the material and its covalency of metal d band and O p 

band. In Chapter 5, both the electronic properties and the surface reconstructed properties 

have been probed by characterization techniques and DFT calculations. The novel OER 

mechanism involving surface reorganization is correlated with the intrinsic properties. In 

details, electrochemical studies, XAS, XRD, XPS, TEM-EDS, EELS and XMCD analyze the 

Ni agglomeration and the reconstruction with the participation of surface oxygen. This 

observed electrocatalytic performance is due to the more active O p-band compared with M d-

band. In the Chapter 6, perovskite transition metal oxide LSCO and transition metal 

hydroxides CoOOH/ Co0.5Fe0.5OOH are found to exhibit different behaviors when tuning the 

electrolyte compositions, which include the concentration of the OH- and the alkali cation 

species in the electrolyte. Different from that in Chapter 5 which employs electrochemical 

studies on the study of interfacial properties, here, kinetic parameters are extrapolated by the 

use of temperature dependent experiments. The pH dependence of LSCO and CoOOH owes 

to the increase in pre-exponential factors as a result of increased concentration of active sites 

or a change in the entropy of activation of the reaction. Instead, the cation dependence 

observed for Co0.5Fe0.5OOH is attributed to the change in activation energy as a result of the 

modified formation enthalpies of the intermediates. From the listed studies in the thesis, we 

have reached out from the bulk of the catalysts, to the surface of the catalysts, finally to the 

interface between the catalysts and the electrolyte. The catalytic activity is well corelated with 

their intrinsic, surface and interfacial properties. The findings are not only meaningful for the 

understanding of OER for Co-based transition metal oxides/hydroxides, they are helpful for 

future design of highly active electrocatalysts. 
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Résumé : 

Le développement d'électrocatalyseurs efficaces pour la réaction de libération d'oxygène (OER) est 
important pour améliorer l'efficacité globale du processus d'électrolyse de l'eau. Les oxydes / 
hydroxydes de métaux de transition présentent une activité et une stabilité raisonnables 
lorsqu’utilisés dans un milieu alcalin. Ils ont le potentiel de remplacer les oxydes à base d'Ir et de Ru. 
Comprendre la réaction d’OER pour les oxydes / hydroxydes de métaux de transition dans les 
électrolytes alcalins aide à la conception d'électrocatalyseurs peu coûteux et très efficaces. Avec trois 
travaux différents sur les oxydes / hydroxydes à base de Co, cette thèse approfondit la 
compréhension des propriétés de surface des matériaux et des propriétés interfaciales sur la 
cinétique de la réaction d’OER. Tout d'abord, la substitution au fer régule par exemple la 
configuration des cations métalliques dans LaCoO3. Cela ajuste la covalence de la liaison oxygène 2p 
– métal 3d et améliore les performances. Deuxièmement, la substitution au Ni dans ZnCo2O4 modifie 
la position relative du centre de la bande O 2p et du centre de la bande métallique dans un 
environnement octahédrique MOh. Cela modifie la stabilité et la possibilité pour l'oxygène du réseau 
de participer à la réaction de dégagement d’oxygène. Enfin, en étudiant les séries La1-xSrxCoO3, 
CoOOH et CoOOH contenant Fe, l'impact de l'électrolyte sur les paramètres de la cinétique de 
réaction a été exploré. Avec une meilleure compréhension de la façon dont les propriétés des 
matériaux et l'environnement dynamique influencent l'activité et le mécanisme des OER, nous 
pouvons obtenir des catalyseurs de OER plus efficaces pour une meilleure infrastructure énergétique. 

Mots clés : [les oxydes / hydroxydes à base de Co; OER ; électrolytes alcalins; des propriétés des 
matériaux; des propriétés de surface des matériaux; des propriétés interfaciale] 

[Understanding the oxygen evolution reaction (OER) for Co based transition metal 

oxides / hydroxides in alkaline electrolytes] 

Abstract : 
The development of efficient electrocatalysts to lower the overpotential of oxygen evolution reaction 
(OER) is of fundamental importance in improving the overall efficiency of fuel production by water 
electrolysis. Among a plethora of catalysts being studied on, transition metal oxides / hydroxides that 
exhibit reasonable activity and stability in alkaline electrolyte have been identified as catalysts to 
potentially overpass the activity of expensive Ir- and Ru- based oxides. Understanding the OER for 
transition metal oxides / hydroxides in alkaline electrolytes paves the way for better design of low 
cost and highly efficient electrocatalysts. This dissertation, with three different work on Co-based 
oxides / hydroxides, studies and deepens the understanding of the bulk properties, surface 
properties of materials and interfacial properties on OER. Firstly, with Fe substitution, it addresses 
tuning the eg configuration of metal cations in LaCoO3 where adjusting the metal 3d oxygen 2p 
covalency can bring benefits to the OER performance. Secondly, with Ni substitution in ZnCo2O4, it 
demonstrates a change in relative position of O p-band and MOh d-band centre which induces a 
change in stability as well as the possibility for lattice oxygen to participate in the OER. Finally, with 
La1-xSrxCoO3 series, CoOOH and Fe-containing CoOOH as examples, the impact of the electrolyte has 
been explored by the study of reaction kinetics parameters. With a better understanding of how 
material properties and dynamic environment influence the OER activity and mechanism, we can 
obtain more efficient OER catalysts for better energy infrastructure. 
 

Keywords : [transition metal oxides / hydroxides; OER; alkaline electrolyte; bulk properties of 
materials; surface properties of materials; interfacial properties] 
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