
Chapter 2

The Oxygen Evolution Reaction: Mechanistic
Concepts and Catalyst Design

Richard L. Doyle and Michael E.G. Lyons

2.1 Introduction

The splitting of water into hydrogen and oxygen is a vital component of a promising

renewable energy infrastructure (Zhou 2005; Lewis and Nocera 2006). Hydrogen

gas is regarded by many as the fuel of the future. With the highest mass energy

density of any fuel and its clean combustion in air, hydrogen could be considered

the ultimate clean energy carrier (Dinga 1985; Schlogl 2010). However, the real-

isation of a largely hydrogen based renewable energy solution—the hydrogen

economy—depends heavily on the development of cost-effective, green production

technologies (Crabtree et al. 2004). Hydrogen is readily produced on a large scale

by steam reforming of natural gas, yet this non-renewable process is inherently

environmentally offensive producing significant quantities of carbon dioxide

(Häussinger et al. 2000). The catalytic splitting of water, on the other hand, offers

a clean, renewable and potentially cost-effective route to the production of hydro-

gen gas (Ohi 2005; Tributsch 2008; Zeng and Zhang 2010).
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In general, the overall water splitting process can be represented as follows, with

molecular hydrogen and oxygen generated individually at the cathode and anode,

respectively.

2H2Oþ Energy ! 2H2 þ O2 ð2:1Þ

In principle, the energy required to drive the water splitting reaction can be obtained

from any of a number of sources making it a highly versatile energy conversion

technology, as illustrated in Fig. 2.1. One of the more attractive options is the

coupling of electrochemical water splitting devices—water electrolysers—with

grid scale renewable energy harvesting technologies such as wind turbines or

photovoltaics (Turner 2004; Grätzel 2005). In this way, water electrolysis could

act as a local energy storage system permitting the implementation of these

intermittent energy sources on a global scale (Lewis and Nocera 2006). An alter-

native method, in the context of solar-to-fuel conversion, is photoelectrolysis or

light-driven water splitting (Brimblecombe et al. 2009; Nocera 2012; Joya

et al. 2013). In this approach, light harvesting mechanisms, typically involving

semiconductor materials, are incorporated into the electrode design so that the

necessary solar energy is harvested directly by the electrode materials. Although

technically more demanding than electrolysis from the point of view of electrode

composition, this standalone approach is growing in popularity off the back of

substantial progress in the design of artificial photosynthetic cells—the artificial
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Fig. 2.1 Schematic representation of the splitting of water via electrolysis, utilising electricity

derived from renewable sources such as wind and solar, and photoelectrolysis, where the elec-

trodes directly harvest the solar energy. Oxygen evolution catalysts (OEC) are located on the

anode and hydrogen evolution catalysts (HEC) are located on the cathode. Adapted from Joya

et al. (2013)
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leaf (Nocera 2012; Joya et al. 2013). However, regardless of the route taken, the

viability of these systems as sustainable hydrogen production technologies is, in the

end, dependent on the electrochemistry of oxygen. The generation of molecular

oxygen at the anode is the most energy-intensive step in the overall water splitting

process (Hall 1983; Dau et al. 2010; Marinia et al. 2012).

To understand this, consider the fundamental operating requirement of a water

splitting system: the equilibrium potential Veq of 1.23 V. In order to generate

hydrogen at a specific rate, a voltage at least equal in magnitude to 1.23 V must

be supplied to the system. For water electrolysis, this operational voltage depends

on the kinetics of the water splitting reactions and the design of the electrolyser unit

such that:

Vop ¼ Veq þ ηA þ ηCj j þ ηΩ ð2:2Þ

where ηA and ηC are the overpotentials required to overcome the kinetic barriers for

the oxygen evolution reaction (OER) at the anode and the hydrogen evolution

reaction (HER) at the cathode, respectively, and ηΩ is the additional overpotential

required to compensate for resistance losses within the device (Trasatti 1994). The

efficiency of the electrolyser unit is therefore reflected in the degree to which Vop

deviates from Veq. In an ideal system, ηA and ηC would be close to zero and Vop

would depend only on ηΩ, which could be minimised through efficient design of the

electrolyser unit. In reality, though, this is never the case and kinetic limitations are

significant, accounting for up to 85 % of the total efficiency losses (Greeley and

Markovic 2012). In alkaline solution, the OER and HER can be described by the

following two electrochemical reactions:

4OH� ! O2 þ 2H2Oþ 4e� VAnode ¼ 1:23 V vs: RHEð Þ ð2:3Þ

4H2Oþ 4e� ! 2H2 þ 4OH� VCathode ¼ 0:0 V vs: RHEð Þ ð2:4Þ

and in acid the corresponding reactions are:

2H2O ! O2 þ 4Hþ þ 4e� VAnode ¼ 1:23 V vs: RHEð Þ ð2:5Þ

4Hþ þ 4e� ! 2H2 VCathode ¼ 0:0 V vs: RHEð Þ ð2:6Þ

where VAnode and VCathode are the equilibrium potentials for the OER and HER,

respectively. In practice, the efficiency of water electrolysis is limited by the large

anodic overpotential of the OER. Whereas the HER can proceed with appreciable

currents at potentials close to its equilibrium potential (Markovic and Ross 2002;

Sheng et al. 2010), the OER requires a substantial overpotential to generate

measurable current densities. Consequently no working electrolysis device can

approach the minimum operational voltage of 1.23 V (Greeley and Markovic

2012). Similarly, the slow kinetics of the OER complicate the design of photoelec-

trolysis devices. In direct light-driven water splitting it is not sufficient for the
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band-gap of the semiconductor to just match the equilibrium potential for water

splitting, it must also be large enough to easily overcome the OER overpotential if a

reasonable rate is to be achieved (Valdés et al. 2012). Thus, understanding and

optimising the oxygen evolution process is seen as one of the remaining grand

challenges for both physical electrochemistry and energy science.

Bearing that in mind, this chapter focuses on the principles underlying efficient

oxygen evolution electrocatalysis. Over the past fifty years, considerable research

effort has been devoted to the design, synthesis and characterisation of oxygen

evolution anode materials with the aim of achieving useful rates of active oxygen

evolution at the lowest possible overpotentials. Owing to their stability under

oxygen evolution conditions, metal oxides have emerged as the material of choice

for catalysing the OER (Katsounaros et al. 2014). Even in the case of the solid metal

electrodes, the anodic OER always occurs at an oxidised surface (Conway 1995).

Accordingly, a wide range of oxide-based catalysts have been developed. Fre-

quently, the leading OER anode materials are based on RuO2 and IrO2, since

these materials exhibit the lowest overpotentials for the OER at practical current

densities (Michas et al. 1992). However, the high cost and low natural abundance of

these materials renders their widespread commercial utilisation impractical

(Kinoshita 1992). This fact has motivated an extensive search for earth abundant

catalytic materials with a particular emphasis on the various oxides of first row

transition metals (Fabbri et al. 2014; Galán-Mascar�os 2015). Although they are

typically unstable in acidic media, their relatively low cost and long term corrosion

resistance in alkaline solution makes them attractive, alternative OER materials.

Yet despite these efforts, OER catalysts are still predominantly developed by an

intuitively trial and error approach. The type and method of preparation of the oxide

along with its composition and surface morphology can all have a significant

influence on its catalytic performance with the result that knowledge of the intrinsic

activity of the material can remain elusive (Surendranath and Nocera 2012; Doyle

et al. 2013). The central challenge for oxygen evolution research is, therefore,

uncovering the mechanistic details and structural motifs necessary for efficient

catalysis. Such a realisation could facilitate a unified theory of oxygen

evolution catalysis, greatly accelerating the design of ever more efficient and cost

effective catalysts.

Considering the extent of the research on oxide-based oxygen evolution cata-

lysts, this chapter does not attempt an exhaustive review, but rather seeks to

emphasise the key concepts common to these materials and to the study of the

OER in general. The OER is fundamentally an electrocatalytic reaction and accord-

ingly this chapter begins with a traditional electrochemical approach, outlining the

practical and theoretical application of an ensemble of electrochemical techniques.

This type of approach provides a valuable kinetic analysis of the OER upon which

further mechanistic investigations should be based. In the second section of this

chapter, modern computational descriptions of the OER are discussed. Theoretical

calculations provide a thermodynamic basis for understanding the electrochemical

activity of oxide materials and are a useful complement to a comprehensive

experimental study. With the fundamental knowledge gained in these sections,
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the chapter then progresses to consider OER catalyst design principles. In the third

section, the contribution of single-parameter “descriptors” to the understanding of

the intrinsic activity of OER catalysts is examined and in the fourth section, several

prominent methods for enhancing the activity of OER catalysts are described.

Taken together, these approaches form a multi-dimensional view of the require-

ments for efficient OER catalysis. Finally, this chapter concludes with a molecular

level consideration of the nature of the OER active site at metal oxide catalysts that

seeks to bridge the fields of heterogeneous electrocatalysis and homogeneous

molecular catalysis.

2.2 Electrochemical Perspectives

Electrocatalysis can be broadly defined as the ability of an electrode material or

surface to accelerate the rate of an electrochemical process. The core of any

electrocatalytic study is therefore the elucidation of the kinetic parameters that

describe the electron-transfer reactions at the interface. Key parameters of interest

include the transfer coefficient and the corresponding Tafel slope, as well as the

reaction orders of the mechanistically significant reactants. This section begins with

a general overview of these important parameters focusing on practical consider-

ations relating to their application in a kinetic study of the OER. Building on this, a

simple electrochemical approach for the construction of a meaningful mechanistic

interpretation of the OER is presented.

2.2.1 The Tafel Slope

In any electrochemical reaction, the fundamental observables are the current (i) and
the potential (V ). For a given interfacial process, the current is a manifestation of

the rate of the interfacial reaction and can be shown to be dependent on the applied

potential (Bard and Faulkner 2000). In essence, varying the potential is equivalent

to changing the driving force for the electrode process (Surendranath and Nocera

2012). Thus, the relationship between the current and potential is a primary concern

in electrocatalysis.

Steady-state Tafel plot analysis is the most widely applied technique in the study

of electrocatalytic reactions. For a multistep reaction such as the OER, the rela-

tionship between the steady-state anodic current and the applied potential can be

represented in the following general form:

i ¼ i0 exp
αaFη

RT

� �
ð2:7Þ
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where i0 is the exchange current which represents the rate of the forward and

reverse reactions at the equilibrium potential, αa is the transfer coefficient for the

anodic reaction, η is the overpotential, F is Faraday’s constant, R is the gas constant

and T is temperature. This expression holds in the absence of mass transport

limitations, which would alter the concentration of reactants at the electrode surface

relative to their bulk values (Guidelli et al. 2014a, b). That is, the reaction is

assumed to be under kinetic control. Now, if the current is expressed in logarithmic

form, the Tafel relationship is revealed:

log ið Þ ¼ log i0ð Þ þ η=b ð2:8Þ

or alternatively, Eq. (2.8) can be expressed in the original format proposed by Tafel

(1904):

η ¼ aþ blog ið Þ ð2:9Þ

where a is a constant and b is the Tafel slope given by:

b ¼ ∂η
∂logi

¼ 2:303RT

αaF
ð2:10Þ

From Eqs. (2.8) and (2.9) it is clear that a linear relationship between η and log(i) is
predicted such that the Tafel slope b, typically expressed in units of millivolts

(mV) per decade of current (dec�1), can be readily extracted from plots of log(i)
vs. η or η vs. log(i).1 It is noteworthy that substitution of the applied potential V for η
has no impact on the measured Tafel slope and is often the preferred protocol for

multistep reactions, where a particular reaction step may control the overall kinetic

profile making it difficult to define the thermodynamic potentials for the individual

steps (Surendranath and Nocera 2012).

The significance of the Tafel slope in electrocatalysis is multifaceted. Depending

on the interpretation, it can provide the means for both a quantitative and mecha-

nistic characterisation of an electrocatalytic process. At its most basic level, the

Tafel slope is a sensitivity parameter giving a measure of the rate of increase of

electrode potential or polarisation with the log of the current density. As such it is

considered a useful parameter for the practical evaluation of electrocatalytic mate-

rials. Notably, Conway et al. (1987) contend that the Tafel slope is a more important

measure of electrocatalytic performance than the commonly utilised i0, which is a

measure of the intrinsic kinetic rate of a reaction. This is rationalised by the fact that

1 Traditionally Tafel plots were recorded using Galvanostatic methods where the current was

controlled and the potential was measured, as described by Eq. (2.9). In this way, the Tafel slope

could be obtained directly from the experimental plots, hence the convention of reporting the Tafel

slope in the form of Eq. (2.10). However, due to the ease with which the potential can be controlled

using modern potentiostats, Tafel plots are now routinely recorded in the form of Eq. (2.8) and the

corresponding Tafel slope is obtained from the inverse slope of the experimental plot.
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i0 only refers to the kinetics at the thermodynamic potential and does not charac-

terise the kinetics of the electrode process at higher, more practical current densi-

ties. This point is illustrated in Fig. 2.2 where schematic Tafel plots for catalytic

materials with different i0 and Tafel slope values are shown in the form of Eqs. (2.8)

and (2.9). In Fig. 2.2a, catalyst I is depicted with a low i0 value relative to catalyst II
and so could be considered less active. However, catalyst II clearly has a larger

Tafel slope than catalyst I, thereby experiencing greater polarisation with increas-

ing current density. Consequently, catalyst I exhibits a lower overpotential than

catalyst II at higher current densities. This distinction is particularly important for

systems such as water electrolysers where high current densities at minimum

operational voltages are required for economic viability. In this respect, it should

also be noted that such systems may require operation over a range of current

densities depending on H2 demand (Conway et al. 1987). Therefore, from a

practical stand point, it is not just the current density obtainable at a given

overpotential that is important but also the rate of change of this current density

with overpotential—the inverse Tafel slope 1/b given by the slope of Eq. (2.8). As

demonstrated in Fig. 2.2b, manipulation of the current density for catalyst I requires

much smaller changes in overpotential than for catalyst II, making it a more

practical real world material. Hence, low Tafel slopes are widely acknowledged

as an indicator of efficient electrocatalytic performance (Conway et al. 1987;

Merrill and Dougherty 2008).

Taking a more theoretical perspective, the Tafel slope yields insight into the

mechanistic pathway of an electrode process. It can be seen from Eq. (2.10) that the
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Fig. 2.2 Schematic diagrams illustrating the significance of Tafel slopes for determining

favourable electrocatalytic properties. The quantities ΔVI and ΔVII indicate the potential changes

necessary to alter the current output of catalyst I and II, respectively, by the value Δlog i. Adapted
from Conway et al. (1987)
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Tafel slope is defined by the transfer coefficient αa which is experimentally

quantifiable according to (Guidelli et al. 2014a, b):

αa ¼ 1

b

2:303RT

F

� �
ð2:11Þ

Moreover, for a multistep reaction consisting of a sequence of elementary steps

with a single rate determining step (RDS) αa can be given by (Parsons 1951;

Damjanovic et al. 1966, 1967a, b; Bockris and Khan 1993; Guidelli et al. 2014a, b):

αa ¼ nf=νþ nrβ ð2:12Þ

where nf is the number of electrons transferred before the RDS, ν is the stoichio-

metric number defined as the number of times the RDS occurs for one repetition of

the overall reaction, nr is the number of electrons transferred in each occurrence of

the RDS and β is the symmetry factor. While there is no general consensus on the

physical meaning of β it is related to the activation barrier and is generally assumed

to be close to 0.5, describing a symmetrical potential energy barrier (Guidelli

et al. 2014a, b). In this way, it can be seen that the Tafel slope is a composite

parameter, giving information on the stoichiometry and the succession of steps in

the overall reaction. Note, for an electron transfer step nr can be safely assumed to

equal one as the transfer of more than one electron at a time is improbable (Guidelli

et al. 2014a, b). Therefore, if the first electron transfer step in a sequential reaction is

rate-determining then nf ¼ 0 and αa ¼ β ¼ 0:5 implying a Tafel slope of

120 mV dec�1. Similarly, if the second electron transfer step is rate-determining

nf ¼ 1 and αa ¼ 1:5, assuming a typical value of ν ¼ 1, giving a Tafel slope of

40 mV dec�1. On the other hand, if the rate-determining step involves a chemical

step subsequent to the first electron transfer step nr ¼ 0 and nf ¼ 1. In this case,

αa ¼ 1 predicting a Tafel slope of 60 mV dec�1. Thus, the elucidation of Tafel

slopes can be useful in differentiating between possible reaction mechanisms.

In view of the potential utility of the Tafel slope it is important to discriminate

between true kinetic effects and experimental effects. The discussion so far has only

considered the possibility of a single linear Tafel region. In practice, however,

multiple Tafel regions may be observed. Certainly the presence of two distinct

linear regions is a common kinetic feature of the OER Tafel plots presented in the

literature (Damjanovic et al. 1966, 1967a; Hrussanova et al. 2004; Guerrini

et al. 2007; Doyle and Lyons 2013a, b). Such changes in Tafel slope with increasing

potential are most often attributed to either a change in the RDS within a given

pathway or to the influence of changing potential on the adsorption of the reaction

intermediates (Damjanovic et al. 1966, 1967a), the kinetic basis for which are

discussed in Sect. 2.2.3. It is important though to note that increases in the Tafel

slope do not necessarily have mechanistic significance and caution should be taken

when interpreting multiple Tafel regions in terms of a possible mechanistic path-

way. Experimentally, increases in the Tafel slope with applied potential could be

the result of a reduction in the effective electrode surface area with increasing gas
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evolution at the higher applied potentials. Likewise, the onset of mass transport

limitations at high overpotentials will reduce the sensitivity of the current response

to increases in potential resulting in an increasing Tafel slope. These complications

can be readily minimised using a rotating disc electrode which would simulta-

neously limit the adherence of gas bubbles to the electrode surface while providing

a well-defined mass transport regime.

However, the identification of true mechanistically significant changes in Tafel

slope is best accomplished using a combination of experimental techniques. Tafel

plots can be generated using various steady-state polarisation techniques, Imped-

ance Spectroscopy (IS) and the analysis of open circuit potential decay curves, the

specific details of which have been comprehensively reviewed by Doyle

et al. (2013). IS offers a useful accessory method for the determination of Tafel

slopes. Obtaining equivalent Tafel slopes using IS involves the experimental

measurement of the total Faradaic resistance Rfar as a function of the applied

potential according to:

log
1

Rfar

� �
¼ V

b
þ log

2:303i0
b

� �
ð2:13Þ

implying that the inverse slope of a plot of log(1/Rfar) against V is equal to the Tafel

slope b. In this regard, the following caveat should be noted; the parameter Rfar is a

combination of the charge transfer resistances for all steps in the reaction, regard-

less of whether they are the RDS, a preceding step or a following step and so

mechanistic interpretation of IS Tafel slopes alone is not recommended (Harrington

and van den Driessche 2011). That said, a number of studies have highlighted the

effectiveness of this type of data treatment when used along side steady-state

polarisation techniques (Lyons and Brandon 2009; Doyle and Lyons 2013a, b).

A comparison of the steady-state polarisation and IS Tafel plots obtained for a

hydrous iron oxide catalyst is presented in Fig. 2.3a. Clear agreement was observed

between the two different methods and in this situation, the authors could conclude

that the dual Tafel behaviour was in fact mechanistically significant and not simply

due to electrode blocking, mass-transport limitations or ohmic effects (Doyle and

Lyons 2013a, b).

Steady-state measurements are also complemented by studies of the decay of the

open circuit potential (OCP). This approach is frequently adopted in cases where

elucidation of the reaction mechanism by steady state polarisation techniques is

complicated by continuous alteration of the electrode surface with time. Following

an initial polarisation at a potential in the region where OER Tafel behaviour is

observed, the variation of the electrode potential at open circuit with time is given

by (Bockris et al. 2002):

VOCP ¼ 2:303RT

βF
log

RT

βFi0

� �
� 2:303RT

βF
log tð Þ ð2:14Þ
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On this basis, the slope bOCP of a plot of the measured potential or overpotential

during the decay as a function of log t is equal to the negative of the Tafel

slope b (Bockris et al. 2002). While such simple relationships between the OCP

decay slope and the Tafel slope have certainly been observed (Lyons and Floquet

2011), the true power of this approach lies in its ability to describe the potential

dependence of the surface capacity and the fractional coverage of surface

Potential / V vs. RHE
1.55 1.60 1.65 1.70 1.75 1.80 1.85

Lo
g 

(1
 / 

R
fa

r)

-6

-5

-4

-3

-2

-1

0

Lo
g 

(C
ur

re
nt

 / 
A

)

-6

-5

-4

-3

-2

-1

0

IS
Steady-state polarisation

40 mV dec−1

41 mV dec−1

124 mV dec−1

124 mV dec−1

a

Time / s

0.01 0.1 1 10 100 1000

P
ot

en
tia

l /
 V

 v
s.

 R
H

E

1.35

1.40

1.45

1.50

1.55

1.60

1.65

0.70 V
0.74 V
0.76 V
0.82 V
0.84 V

−23±1 mV dec−1

−180 mV dec−1

−165 mV dec−1

b

Fig. 2.3 (a) A comparison of the Tafel plots generated using IS and steady-state polarisation data

and (b) the variation of OCP as a function of log (time) after a 5 min polarisation period at a series

of potentials associated with oxygen evolution for a hydrous iron oxide catalyst film in 1.0 M

NaOH. Adapted from Doyle et al. (2013)
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intermediates. In deriving Eq. (2.14) it was assumed that the electrode surface

capacitance is independent of potential (Bockris et al. 2002). In fact, Conway

and Bourgault (1959, 1962) and Bourgault and Conway (1960) have shown that

this is the only case under which Eq. (2.14) holds. Thus, the observation of

numerical identity between the decay slope and the Tafel slope suggests that the

surface capacity remains constant during self-discharge. In situations where the

surface capacity varies during self-discharge the observed decay slope can differ

quite significantly from the steady-state Tafel slope. This is evident in Fig. 2.3b

where the corresponding V vs. log t plots for the hydrous iron oxide catalyst are

shown. At short decay times a slope bOCP of ca.�23 mV dec�1 is obtained, whereas

at longer times the slope bOCP varies between ca. �160 and �180 mV dec�1

depending on the initial polarisation potential. Importantly, these slopes differ

considerably from the expected slope of ca. 40 mV dec�1 obtained using steady-

state polarisation and IS techniques in Fig. 2.3a. To interpret this result two primary

limiting cases can be identified from the analysis of Conway and Bourgault (1962).

If the surface coverage of intermediates during self-discharge is assumed to be low,

it can be shown that the surface capacity decreases with decreasing potential giving

the following relationship between the decay slope bOCP and the true Tafel slope b:

bOCP ¼ b0b
b� b0

ð2:15Þ

where b 0 is some positive multiple or fraction of RT/F. Hence the observed decay

slope is predicted to be greater than the Tafel slope. Conversely, if there is high but

not full coverage of intermediates the surface capacity increases with decreasing

potential and the decay slope is given by:

bOCP ¼ � b0b
b0 � b

ð2:16Þ

indicating that the observed decay slope will be less than the Tafel slope. In this

way, the lack of agreement between the decay slopes and Tafel slopes in Fig 2.3

suggests that the surface capacity does not remain constant during self-discharge.

This was interpreted in terms of a decrease in the surface concentration of charged

surfaquo groups, which were considered to be the active sites for oxygen evolution

(see Sect. 2.5.4) (Doyle et al. 2013). From an accompanying IS study, these authors

found that the surface capacity increased with increasing potential in accordance

with the formation of charged surface intermediates (Doyle and Lyons 2013a, b).

Therefore, following the reasoning of Conway and Bourgault (1962), at high

potentials or short decay times a large proportion of the surfaquo groups are in

the higher charged state implying significant surface coverage of intermediates and

the observed decay slope is lower than the Tafel slope. On the other hand, for longer

times the surface coverage becomes considerably reduced due to increased
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discharge2 of the surfaquo groups and the decay slope is found to be greater than the
Tafel slope. In this way, the relationship between the decay slope and the steady

state Tafel slope can provide a useful qualitative characterisation of the kinetics and

mechanism of the basic processes involved in an electrocatalytic reaction.

2.2.2 Electrochemical Reaction Orders

The relevance of reaction orders in the kinetic study of chemical reactions is well

known. Their determination provides the relationship between the reaction rate and

the concentration of a particular reactant—a key criterion used in mechanistic

interrogations. In the case of electrochemical reactions, the rate of the reaction,

expressed as current, is intimately related to the applied potential, as described in

Sect. 2.2.1. As a result, the electrochemical reaction order mx can be expressed in

terms of either of these quantities according to the following derivatives (Conway

and Salomon 1964):

1.

mx, i ¼ ∂V
∂logax

� �
i

2.

mx,η ¼ ∂logi
∂logax

� �
η

3.

mx,V ¼ ∂logi
∂logax

� �
V

where ax is the activity of a mechanistically significant reactant x and the subscripts
i, η, and V denote conditions of constant current, constant overpotential, and

constant applied potential, relative to a pH independent reference electrode, respec-

tively. It should be noted that the parameter mx,V is regarded as the “chemically” or

“mechanistically” significant reaction order since it gives the dependence of log

(rate/i) on log (reactant concentration/ax) in the absence of variations of the double-
layer configuration, i.e. constant V (Conway and Salomon 1964). In contrast to the

situation outlined in Sect. 2.2.1 for the Tafel slope, substitution of the potential for

the overpotential is not innocent with regard to measured reaction orders and the

following correction factor is necessary to account for this (Lyons et al. 2014;

Gileadi 1993):

2 Self-discharge is assumed to proceed by an electrochemical mechanism analogous to that of

corrosion. That is, the simultaneous occurrence of anodic and cathodic reactions as a mixed

potential via a local cell mechanism. In the present case, self-discharge consists of a cathodic

oxide or surfaquo group reduction process and an anodic oxygen evolution process.
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mx,η ¼ mx,V � β ð2:17Þ

In addition, the relationship between mx,i and mx,V offers a useful self-consistency

check3 between the experimentally measured Tafel slope b and the mechanistically

significant reaction order mx,V as follows (Surendranath and Nocera 2012):

mx, i ¼ �b mx,Vð Þ ð2:18Þ

However, in subsequent discussions all references to the parameter mx refer to the

mechanistically significant mx,V.

In the case of alkaline water electrolysis the pertinent reactant term is the activity

of the hydroxide ion aOH� . Thus, a plot of log i vs. logaOH� should be linear with

slope equal to the corresponding electrochemical reaction order mOH� . These

experimentally determined reaction order values can often be potential dependent

and so it is necessary to generate reaction order plots at a range of potentials. This is

especially important for systems exhibiting dual Tafel behaviour, as distinct reac-

tion orders can be associated with each Tafel region. A sample reaction order study

for a hydrous iron oxide catalyst is shown in Fig. 2.4. An important point which

must be considered when interpreting such reaction order data is that, theoretically,

reaction orders should be integer values. While the reaction orders in Fig. 2.4 are

statistically close to unity, this is not always the case and fractional reaction orders

can often be observed. Simply, a reaction ordermOH� ¼ 1suggests that only a single

hydroxide ion reacts at each active site for all steps up to and including the RDS.

Similarly, if mOH� ¼ 2 then a total of two OH� equivalents can be assumed to be

involved in the overall reaction prior to and including the RDS. However, it can be

more difficult to rationalise fractional reaction orders. A number of authors have

considered the effect of the diffuse layer potential ϕ* on the observed kinetic

parameters (Parsons 1961; Albery 1975; Lyons and Floquet 2011). Here, the diffuse

layer corrected electrode potential is represented by V � ϕ* where:

ϕ* ¼ RT

F
lnax ð2:19Þ

and ax ¼ aOH� or aHþ depending on the medium. Thus, if the experiments are not

performed at a constant ionic strength then the observed reaction order might not

correspond to a constant V � ϕ*. For example, Lyons and Floquet (2011) suggest

that correcting for the diffuse layer potential can account for the fractional reaction

order mHþ ¼ �1:5 observed for RuO2 layers in acidic media. On the other hand,

Carugati et al. (1981) have proposed that fractional reaction orders may arise due to

competing or parallel reaction pathways. In such cases, the experimentally

3Applying this check to the low Tafel slope data in Fig. 2.4 gives mx,i¼�(0.058)(1.01)¼�0.059,

in agreement with the slope of �0.057 obtained for a plot of V measured at 1.0 mA cm�2 versus

log aOH� .
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observed kinetic parameters represent a combination of the parameters expected for

the competing pathways, the exact value of which depends on the fraction of

catalytic sites following each individual pathway. Then again, fractional reaction

orders can also arise depending on the surface coverage of intermediates. Bockris

and Ottagawa (1983) observed a reaction order ofmOH� ¼ 1:5 for a range of cobalt
perovskites whereas Lyons and Brandon (2009) reported the same value for “aged”

passive iron oxides. In both cases it was shown that the fractional reaction orders

could be rationalised by admitting Temkin rather than Langmuir adsorption

conditions.

2.2.3 Mechanistic Analysis

In terms of a mechanistic analysis of the OER, a major difficulty lies in the fact that

the OER is a complex process involving the transfer of four electrons. Since

electrons are transferred one at a time the process will, by necessity, be multistep

in which distinct intermediates are generated on the electrode surface. Conse-

quently, the OER may follow any of a number of different pathways. In this respect,

evaluation of the parameter couple (b,mOH�) will go a long way towards narrowing

the possible mechanistic pathways.
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Fig. 2.4 Steady-state polarisation curves recorded for a hydrous iron oxide catalyst film in a series

of aqueous NaOH solutions of varying concentrations. The Tafel regions are indicated by the

triangular features. Reaction order plots generated at fixed potentials in the low and high Tafel

regions are shown in the inset. Adapted from Doyle and Lyons (2013)
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Over the years various possible mechanistic schemes have been proposed with

notable early studies including the works of Bockris and Otagawa (1983),

Krasil’shchikov (1963), Kobussen and Broers (1981), Willems et al. (1984) and

O’Grady et al. (1974). In these early mechanistic schemes the OER was usually

interpreted in terms of an initial discharge of hydroxide ions at a catalytically active

surface site M leading to the formation of discrete adsorbed hydroxide

intermediates:

Mþ OH� ! MOHþ e� ð2:20Þ

Subsequent steps in the reaction were thought to involve the formation of a range of

surface adsorbed intermediates such as MO, MOOH or physisorbed peroxide

species, which could then react with each other, through various disproportionation

or bimolecular decomposition reactions, or undergo nucleophilic attack from the

electrolyte to liberate oxygen gas (Dau et al. 2010; Marinia et al. 2012). A summary

of the diagnostic criteria for some of these commonly considered pathways is

presented in Table 2.1.

In order to derive a rate expression for the OER, and thereby distinguish between

reaction pathways, it is useful to view the overall reaction as a sequence of

elementary one electron transfer steps and chemical steps. From this perspective,

the overall rate of the OER can be expressed in terms of the slowest step or RDS.

Depending on which particular elementary step is rate-limiting, the reaction

sequence can predict several different Tafel slope and reaction order values. By

way of illustration consider the Bockris Electrochemical Oxide Path in Table 2.1. If

step 2 (II-2) in this scheme is the RDS then the net reaction flux fΣ for pathway II is
given by:

f Σ ffi f 2 ¼ i=4FA ¼ k02aOH�θMOHexp βFη=RT½ � ð2:21Þ

where f2 and k
0
2 are the reaction flux and standard rate constant, respectively, for the

forward reaction in II-2 and θMOH is the fractional surface coverage of the inter-

mediate MOH. That is, θMOH represents the proportion of the total number of active

sites M that exist in the intermediate state MOH under steady-state conditions.

Now, if there is a high surface coverage of intermediates, MOH will be the

dominant surface species and θMOH can be said to approach unity, θMOH ! 1. In

this case, θMOH is treated as a constant and the net reaction flux (Eq. (2.21)) predicts

a reaction order mOH� ¼ 1 and a Tafel slope b ¼ 2:303 2RT=Fð Þ or 120 mV dec�1,

assuming β ¼ 0:5.
On the other hand, if there is a low surface coverage of intermediates, M will be

the dominant surface species and θMOH ! 0 as θM ! 1. In this case, it is necessary

to express the term θMOH in Eq. (2.21) in terms of the constant θM. This can be

accomplished in one of two ways. The first method, the quasi-equilibrium method,

assumes that only the RDS is irreversible and all other steps are in equilibrium

(Guidelli et al. 2014a, b). Under these conditions, the rate of the forward and reverse

reactions in II-1 should be equal with reaction fluxes given, respectively, by:
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f 1 ¼ k01aOH�θMexp βFη=RT½ � ð2:22Þ

and,

f�1 ¼ k0�1θMOHexp � 1� βð ÞFη=RT½ � ð2:23Þ

Applying the equilibrium condition f 1 ¼ f�1 and rearranging gives the following

expression for θMOH:

θMOH ¼ KaOH�θMexp Fη=RT½ � ð2:24Þ

where K ¼ k01=k
0
�1. Now substituting for θMOH in Eq. (2.21), the net reaction flux

can be readily estimated as:

f Σ ffi k02 aOHð Þ2θMexp 1þ βð ÞFη=RT½ � ð2:25Þ

Thus, under low surface coverage of intermediates the predicted reaction order

and Tafel slope are now mOH� ¼ 2 and b ¼ 2:303 2RT=3Fð Þ or 40 mV dec�1

respectively.

Alternatively, the steady-state method can be used to provide an expression

for θMOH. According to this method, a short time after initiation of the process, the

effective concentrations of all intermediates are assumed to reach values that

remain constant in time and therefore, are in a steady state. This implies that the

rate of formation and disappearance of any intermediate will be equal, with

the result that the rate of change of its concentration will be zero (Guidelli

et al. 2014a, b). Applying this condition to θMOH gives:

dθMOH

dt
¼ f 1 � f�1 � f 2 ffi 0 ð2:26Þ

where the rate of formation of θMOH is given by f1 and the rate of its disappearance
is f�1 þ f 2. Here, substituting for f1, f�1 and f2 in Eq. (2.26) and again rearranging

for θMOH gives:

θMOH ¼ k01aOH�θMexp βFη=RT½ �
k0�1exp � 1� βð ÞFη=RT½ � þ k02aOH�exp βFη=RT½ � ð2:27Þ

At first glance it appears that the quasi-equilibrium and steady-state methods are

inconsistent. However, noting that II-2 is the RDS, it is safe to assume that

k02 � k0�1. In fact, this assumption is implicit in the quasi-equilibrium method,

where the rate constant of the RDS is required to be at least 100 times smaller

than those of all steps that precede it (Guidelli et al. 2014a, b). Thus, Eq. (2.27)

reduces to Eq. (2.24) and the same expression for the net reaction flux in Eq. (2.25)

is obtained.
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Hence, distinct kinetic parameters are predicted for low and high surface cov-

erage of intermediates. Further coverage effects can also be considered. Several

studies have utilised a Temkin isotherm to describe the adsorption process (Parsons

1958; Thomas 1961; Conway and Gileadi 1962; Bockris and Otagawa 1983; Lyons

and Brandon 2009). The limiting coverages θ ! 0 and θ ! 1, known as Langmuir

adsorption conditions, operate under the assumption that lateral interactions

between adsorbed species have no effect on the reaction kinetics. However, for

intermediate coverages (0:2 < θ < 0:8) where no single species can be said to be

dominant it is reasonable to expect the interactions between adsorbates to be

significant. Such cases are best described in terms of a Temkin isotherm. For

example, Conway and Gileadi (1962) outlined a model based on the principle

that the free energy of adsorption of an intermediate species depends on the total

fractional coverage of all adsorbed reaction intermediates as follows:

ΔGθ ¼ ΔG0 � rxθ ð2:28Þ

where ΔGθ and ΔG0 are the adsorption free energies of an intermediate species x in
the presence and absence of coverage effects, respectively, and rx is the rate of

change in the free energy of adsorption with the total coverage. According to this

model, the free energy of adsorption of an intermediate will decrease with increas-

ing total fractional coverage. For a reaction step consisting of the inter-conversion

of two adsorbed intermediates such as II-2, a decrease in the free energy of

adsorption of the intermediate species MO with increasing total coverage would

result in an increase in the free energy of activation for II-2. In contrast, a decrease

in the free energy of adsorption of MOH would cause a decrease in the activation

energy. The overall reaction kinetics will, therefore, be influenced by changes in the

relative populations of important intermediates. In particular, depending on the

relative sensitivities of the free energy of the intermediates to changes in surface

coverage, as expressed through their respective r values, further distinct kinetic

parameters can be estimated. Sample kinetic analyses under Temkin conditions are

outlined by Bockris and Otagawa (1983) and Lyons and Brandon (2009), and the

predicted kinetic parameters for II-2 are presented in Table 2.1.

The above discussion is predicated on a slow electron-transfer step determining

the overall kinetics of the OER. However, a slow chemical step can equally be rate-

limiting. The reaction step in II-2 represents a proton coupled electron transfer. This

step could also be decomposed into a sequential proton transfer and electron

transfer process as follows:

MOHþ OH� ! MO� þ H2O ð2:29Þ
MO� ! MOþ e� ð2:30Þ

Indeed, this is the only difference between the Bockris Electrochemical Oxide Path

and Krasil’shchikov’s Path. It can be seen in Table 2.1 that III-2 and III-3 are the
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equivalent of Eqs. (2.29) and (2.30). In this case, if Eq. (2.29) is the slow step then

the reaction flux expression (Eq. (2.21)) can be modified to give:

f Σ ffi i=4FA ¼ k2aOH�θMOH ð2:31Þ

Note k2 is now a chemical rate constant and there is no potential dependence. Under

low coverage Langmuir adsorption conditions θMOH is again replaced by Eq. (2.24)

resulting in the following estimate for the net reaction flux:

f Σ ffi k2 aOH�ð Þ2θMexp Fη=RT½ � ð2:32Þ

Thus, if a chemical step, such as the reaction outlined in Eq. (2.29), rather than

an electron-transfer step is rate-limiting a reaction order mOH� ¼ 2 and Tafel slope

b ¼ 2:303 RT=Fð Þ or 60 mV dec�1 are predicted.

In this way, the determination of Tafel slopes and electrochemical reaction

orders provides valuable insight into the rate-limiting processes at the reaction

interface. It is clear that these reaction parameters are strongly influenced by the

concentration and interaction of the surface species generated during the OER. This

provides a kinetic basis for the rationalisation of multiple experimental Tafel

regions. An assumption implicit in the analysis thus far is that a single isotherm

can describe the surface coverage of key intermediates. Over short potential ranges

such an assumption will likely hold; it has been pointed out by Damjanovic

et al. (1966, 1967a) that the range of potentials over which Temkin conditions

might be expected to prevail is limited to ca. 150 mV. Over wider potential ranges it

is more realistic to expect the surface coverage to vary appreciably. Consider the

situation where II-2 is rate determining, the relative proportion of active sites in the

MOH state is controlled primarily by the equilibrium in step II-1. Given that II-1

involves the transfer of one electron, one could easily suppose the equilibrium to

favour the formation of the MOH species at high overpotentials. Accordingly, the

surface coverage of a particular intermediate could be potential dependent,

transitioning through states of low, intermediate and high coverage over the course

of a polarisation experiment. Examining the simplest case where θMOH changes

from low coverage to high coverage with increasing potential, this transition would

be characterised by a change in Tafel slope from 40 to 120 mV dec�1 with a

corresponding change in reaction order from mOH� ¼ 2 to mOH� ¼ 1. Interestingly,

this dual Tafel behaviour could also be accounted for by a change in RDS. If step

II-1 becomes rate-limiting at high overpotentials then the net reaction flux is given

simply by Eq. (2.22) which can be readily shown to predict a Tafel slope of

120 mV dec�1 and a reaction order mOH� ¼ 1. In such cases, concurrent IS and

OCP decay analysis can be useful in distinguishing between surface coverage

effects and a change in the RDS. As noted in Sect. 2.2.1, variations in the oxide

surface capacity during active oxygen evolution reflect the changing concentration

of surface intermediates (Terezo et al. 2001; Klahr et al. 2012a, b) (see also

Chap. 7). Thus, significant increases in the oxide surface capacity with increasing

potential, as measured by IS, or large deviations of the OCP decay slope from the
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Tafel slope would point to changes in the surface coverage of intermediates rather

than a change in the RDS being the reason behind the dual Tafel behaviour.

The foregoing kinetic analysis highlights an inherent complication in attempts at

a mechanistic analysis of the OER. That is, the kinetic parameters predicted for a

particular pathway are not unique. Hence it is often very difficult to unambiguously

identify the pathway operative for a particular system. Combining electrokinetic

studies with a more detailed interrogation of the reactive interface is essential for

the development of a complete mechanistic picture. Cyclic voltammetry studies of

the surface redox characteristics of an oxide electrode are useful for diagnosing

changes in the surface structure prior to the onset of catalytic activity, whereas in

situ and ex situ spectroscopic studies can provide insight into the nature of the

catalytically active surface. Modern studies of the OER often rely on such a

multidisciplinary approach and several prominent examples are discussed in

Sect. 2.5.

Nevertheless, the kinetic approach described here is of fundamental value in

the study of the OER on transition metal oxides. Although it is not possible to

isolate a single reaction pathway with the exclusion of all others, identification of

the rate-determining step provides an important mechanistic foundation.

Optimising electrocatalytic activity is a matter of achieving the highest possible

current at the lowest possible overpotential. Low Tafel slopes are therefore an

essential requirement for OER electrocatalysts. From this simple observation one

can begin to formulate the principles for catalyst design. With reference to the

mechanisms in Table 2.1 low Tafel slopes are associated with steps other than the

primary discharge step being rate-determining. From this perspective, facilitating

the discharge step offers an opportunity for catalyst enhancement; if the stability

of the adsorbed intermediate formed in the primary discharge step can be

increased then the rate control will shift to a later step. Thus, low Tafel slopes

can be achieved through the interaction of strongly adsorbed surface intermedi-

ates (Hoare 1967, 1968). An alternative view point is highlighted in the mecha-

nism of O’Grady et al. (1974) in Table 2.1, who emphasised the importance of

oxide redox transitions in the course of the OER. In this concept, the OER is

facilitated by the cyclic formation and decomposition of an unstable intermediate

containing a metal centre in a higher valence state (z+ 1) than its initial state (z)
(O’Grady et al. 1974; Burke et al. 1982a). The significance of this approach lies

in its ability to account for low experimental Tafel slopes without the need to

consider strong surface adsorption; instead the activity of the surface oxide is

linked to its stability. Despite their humble origins, these electrocatalytic concepts

remain at the forefront of modern mechanistic interpretations of OER activity and

will be explored in greater detail throughout the remainder of this chapter. In

Sect. 2.3, the electrochemical activity of transition metal oxides for the OER is

examined from a theoretical perspective.
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2.3 Thermochemical Perspectives

In recent years, the oxygen evolution reaction on metal oxide surfaces has been

widely studied using theoretical methods. As a complex, multistep, inner sphere

process, the OER depends critically on the formation and stabilisation of high-

energy surface-confined intermediates. Detailed knowledge of the interaction

between the catalyst surface and the reaction intermediates is therefore essential

if a fundamental understanding of the OER is to be developed. These issues are

often difficult to address experimentally due to short lifetimes of reaction interme-

diates, harsh reaction conditions and extensive gas evolution at the surface of

interest. Theoretical approaches, on the other hand, are very constructive as they

allow one to access individual reaction steps and reaction intermediates. Although

the complexity of the oxide surface makes accurate computation a challenging task,

a simple thermochemical framework has emerged providing insights into the origin

of the OER overpotential and the viable mechanistic paths.

2.3.1 The Potential-Determining Step

Over the past 10 years, extensive work by the groups of Norskov and Rossmeisl has

led to the development of an effective method for modelling the thermochemistry

of electrochemical reactions (Rossmeisl et al. 2005; Rossmeisl et al. 2007a;

Nørskov et al. 2009; Valdés et al. 2012). This model utilises quantum chemical

calculations based on Density Functional Theory (DFT) to determine the thermo-

dynamics of the separate reaction steps in a catalytic mechanism. Applying this

method to the OER, they considered the following model reaction mechanism,

termed the “associative” mechanism (Rossmeisl et al. 2007a):

Mþ H2O !ΔG1
MOHþ Hþ þ e� ð2:33Þ

MOH !ΔG2
MOþ Hþ þ e� ð2:34Þ

MOþ H2O !ΔG3
MOOHþ Hþ þ e� ð2:35Þ

MOOH !ΔG4
Mþ O2 þ Hþ þ e� ð2:36Þ

where ΔGi is the Gibbs free reaction energy of reaction step i. Note each reaction

step involves the transfer of one electron implying the free energy change for each

step will be potential dependent. Also, while this mechanism describes the OER

under acidic conditions, the thermodynamic conclusions are independent of pH as

the free energies deduced from Eqs. (2.33) to (2.36) vary in the same way with pH

(Valdés et al. 2012). In their theoretical framework, Rossmeisl et al. (2007a)
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calculated the Gibbs free adsorption energies of the surface intermediates ΔGMOH,

ΔGMO, and ΔGMOOH as a function of the electrode potential. At a given applied

potential, the reaction energy of each elementary mechanistic step was given by the

difference between the adsorption energies of two intermediates. For example, ΔG3

depends on the relative free energies of the MO and MOOH intermediates

according to: ΔG3 ¼ ΔGMOOH � ΔGMO � qV: In this way, reaction free energy

diagrams were generated allowing the identification of the thermodynamically least

favourable step in the reaction path (Rossmeisl et al. 2005, 2007a).

Sample free energy diagrams for two hypothetical catalysts are plotted at

different potentials in Fig. 2.5. The horizontal lines represent the free adsorption

energies of the individual intermediates and the reaction coordinate moves from

free water on the left to free O2 on the right. For a typical electrocatalyst, the

reaction energies for each step will differ due to irregular variations in the adsorp-

tion energies of the intermediate species (Dau et al. 2010). This situation is depicted

by the “Real” catalyst trace in Fig. 2.5 where ΔG3 > ΔG1 ¼ ΔG2 > ΔG4. As one

might expect, all steps in the reaction are thermodynamically unfavourable at

potentials below the reversible potential, V1 � V0 ¼ η < 0, with ΔGi > 0. As the

potential is increased, the free energies of the intermediates shift negatively so that

the reaction steps eventually become thermodynamically favourable withΔGi � 0.

However, due to differences in the adsorption energies of the intermediates, each

individual ΔGi value will turn negative at a different potential. In Fig. 2.5 it can be

G1

G2

G3

G4

2H2O(l)

MO + H2O 
+ 2(H+ + e−)

MOOH 
+ 3(H+ + e−)

MOH + H2O 
+ H+ + e−

O2(g)
+ 4(H+ + e−)

V1 − V 0 = h < 0

V2 − V 0 = h = 0

V3 − V 0 = h > 0

Step 1 Step 2 Step 3 Step 4

∇

∇

∇

∇

Fig. 2.5 Schematic plot of the Gibbs free energy of the reactive species and intermediates in the

oxygen evolution reaction versus the reaction coordinate. Solid lines indicate the energetics of a

‘Real’ catalyst at three different potentials. Dotted lines represent the energetics of an ‘Ideal’
catalyst. Adapted from Dau et al. (2010)
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seen that ΔG3 remains positive at the reversible potential, V2 � V0 ¼ η ¼ 0. This

step only becomes thermodynamically favourable when the potential V3 � V0 is

reached. This potential is termed the thermodynamic overpotential as it is the

potential at which all thermodynamic barriers have been removed and the overall

rate of the reaction will be independent of potential (Rossmeisl 2013).

Clearly, then, the overall thermodynamics of the OER are determined by the last

elementary reaction step to become thermodynamically favourable. This step is

referred to as the potential-determining step (PDS) (Koper and Heering 2010), and

its magnitude is simply the largest ΔGi value such that (Rossmeisl 2013):

ΔGOER ¼ max ΔG1,ΔG2,ΔG3,ΔG4f g ð2:37Þ

In this respect, the thermodynamic overpotential is just the additional potential, past

the reversible potential, required by the PDS and is given by (Rossmeisl 2013):

ηOER ¼ ΔGOER=q
� �� 1:23 V ð2:38Þ

Importantly, this analysis allows the properties of an “ideal” catalyst to be specified.

From Eq. (2.38), the optimumΔGOER value is 1.23 eV giving ηOER ¼ 0. Now, since

the total work to be provided by the four electrons in the OER is 4.92 eV (Rossmeisl

2013), this condition implies thatΔG1 ¼ ΔG2 ¼ ΔG3 ¼ ΔG4 ¼ 1:23 eV. Thus, the

ideal catalyst will exhibit equally spaced adsorption energies for the OER interme-

diates (Rossmeisl 2013). This situation is illustrated by the “Ideal” catalyst trace in

Fig. 2.5. In contrast to the “Real” catalyst, where Eq. (2.35) is the PDS, all the

reaction steps become thermodynamically favourable at the same potential—the

reversible potential. Furthermore, a comparison of the PDS for the “Real” catalyst

with the same step in the “Ideal” case suggests that the MOOH intermediate is less

stable or bound “too weakly” on the “Real” catalyst (Dau et al. 2010). Along these

lines, the OER properties of the “Real” catalyst could be enhanced through stronger

binding or stabilisation of the MOOH intermediate, thereby allowing the OER to

proceed at a potential closer to the reversible potential. However, as will be

discussed in Sect. 2.4.2, scaling relations between the free energies of related

intermediates limit the effectiveness of this approach (Rossmeisl 2013).

In view of the implications for catalyst design, it is important here to distinguish

between the latter concept of a potential-determining step and the kinetic concept of

a rate-determining step. The approach outlined above only accounts for the ther-

mochemistry of the elementary reaction steps, assuming that each elementary step

must be thermodynamically favourable for the OER to proceed at an appreciable

rate. Yet various activation barriers will also be important for the overall rate of the

reaction. Indeed, the PDS and RDS need not necessarily be the same. Koper (2013)

provides an instructive illustration of the significance of this distinction. Consider

the two free energy plots in Fig. 2.6 for a two-step reaction involving a single

intermediate. In both cases, step 1 is thermodynamically limiting withΔG1 > 0 and

so, is potential-limiting. Now, if the RDS is identified as the step that passes over
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the highest energy barrier then, step 1 is rate-determining in Fig. 2.6a and step 2 is

rate-determining in Fig. 2.6b. From a purely kinetic viewpoint, the rate of the

reaction could be increased by facilitating the RDS. This could be achieved by

lowering the energy of the transition states for step 1 and step 2, respectively, as

indicated by the filled arrows in Fig. 2.6. But, if a linear relation between the

activation energy and the reaction energy exists, as described by the Bronsted–

Evans–Polanyi relation (Bligaard et al. 2004; Nørskov et al. 2008), then the easiest

way to lower the transition states is to lower the energy of the intermediate state

(Koper 2013). This approach is indicated by the unfilled arrows in Fig. 2.6. Koper

(2013) notes that the real problem is not necessarily the high energies of the

transition states but the high energy of the intermediate state. In this way, identi-

fying the thermodynamically limiting step—the PDS—offers a more direct

approach for catalyst design.

In this respect, it should be noted that a direct comparison between predicted

thermodynamic limits and the results from electrokinetic studies is not possible, as

DFT calculations do not provide overpotential values that are directly comparable

with experiment (Montoya et al. 2015). Nevertheless, these interpretations are

linked. Relating the PDS to the experimental observables, Rossmeisl (2013) and

Rossmeisl et al. (2008) provide an expression for the kinetic current density at the

anode:

ja ¼ j0exp α qV0 � qV
� �

=kT
� � ¼ jlimexp α qVOER � qV

� �
=kT

� � ð2:39Þ

where,

jlim ¼ j0exp α qV0 � qVOER
� �

=kT
� � ð2:40Þ

Here, VOER is the potential at which the kinetic current is maximised and jlim
represents the current density achieved if all surface reactions are thermodynamically

Step 1

Step 1

Step 2

Step 2

G1 G1

a b

∇∇

Fig. 2.6 Free energy diagrams for a two-step reaction involving a single intermediate. (a) Step
1 is potential determining and rate-determining. (b) Step 1 is potential-determining and step 2 is

rate determining. Adapted from Koper (2013)
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downhill, with the highest possible turn-over-frequency per site and minimal diffu-

sion limitations. The term jlim is clearly dependent on a range of factors, including the

electrode structure and its interface with the liquid electrolyte, the concentration of

active sites, and potential independent surface reactions. On the other hand, VOER is a

parameter that depends only on the catalyst material (Rossmeisl 2013). In particular,

ΔGOER, and therefore the thermodynamic overpotential ηOER, represents a lower-

limit estimate of this limiting potential. Likewise, it has been noted that the exper-

imentally observed “onset” potential for a catalytic reaction is expected to occur

ca. 0.15 V prior to the predicted overpotential (Rossmeisl et al. 2008; Su et al. 2012).

Taking this into consideration, Rossmeisl (2013) reaches a similar conclusion to

Koper (2013) stating that differences in electrocatalytic performance between differ-

ent materials are mostly described by differences in overpotentials.

2.3.2 Reaction Pathways and Surface Effects

In a strictly thermochemical description of the OER, the overall rate depends on the

free energy of reaction steps involving catalyst bound intermediates. Since the

energies of the reaction steps depend on the nature of the catalyst, it is important

to develop a fundamental understanding of these reactions on different materials

(Valdés et al. 2012). Various surface structures, types of adsorbate and solvent

effects can have a strong influence on the relative stability of the reaction interme-

diates. Thus, the potential-determining steps and viable reaction paths can vary

from one surface to another.

In their early work, Rossmeisl et al. (2007a) compared the OER activity of rutile-

type oxides of RuO2, IrO2 and TiO2. In agreement with the kinetic studies in

Sect. 2.2.3, the surface coverage of intermediates was shown to be a significant

factor in determining the activity of these surfaces. The authors compared the

activity and stability of two different surface conditions: one surface with all bridge

and coordinately unsaturated (CUS) sites occupied by oxygen (O) and one surface

with these sites occupied by hydroxyl groups (OH). It was found that the O-covered

surface showed the highest activity. In the case of RuO2, an OER overpotential of

0.37 V was predicted for the O-covered surface, whereas the HO-covered surface

needed an overpotential of 0.50 V for the OER to become thermodynamically

downhill. Interestingly, these limiting potentials did not correspond to the same

PDS. On the O-covered surface the formation of the MOOH intermediate Eq. (2.35)

was associated with the largest free energy change. But on the HO-covered surface

the MO intermediate was the least stable, emphasising the influence of the local

environment on the overall energy profile. Accordingly, it was suggested that

hydrogen bonds between the hydroxyl groups on the HO-covered surface stabilised

the MOH and MOOH intermediates relative to the MO intermediate. In any case,

the O-covered surface was found to be the most stable surface at the potentials

required for the OER to proceed and a comparison of the three materials under these

conditions showed an activity trend of RuO2> IrO2�TiO2.
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This type of analysis has since been extended to describe the thermodynamics of

the OER at a range of well-defined planar oxide surfaces, including rutile, perov-

skite, spinel, rock salt and bixbyite oxides (Valdés et al. 2008, 2012; Man

et al. 2011). Taking into account the self-consistent surface for each oxide, that is

the surface that is thermodynamically stable at the necessary reaction overpotential

(Su et al. 2012), the nature of the PDS is shown to be largely dependent on the

oxygen binding energy at each surface (Valdés et al. 2012). On surfaces that bind

oxygen strongly, the PDS is the formation of the MOOH intermediate. This is easily

understood from a chemical bonding point of view; this is the O� O bond

formation step and therefore, involves a reduction in the oxygen bond order with

the surface. Hence, strong binding of oxygen to the surface will significantly

increase the difficulty of this step. Correspondingly, for weak oxygen binding, the

formation of the MO intermediate, which involves an increase in the oxygen bond

order to the surface, becomes potential-limiting. It should be noted that with this

transition in the PDS other reaction mechanisms become possible. This point is

illustrated by the case of rutile MnO2 (Su et al. 2012). It was found that β-MnO2

exhibited intermediate oxygen binding energies, close to the transition point, with

the result that the formation of the MO intermediate was slightly more potential-

limiting than the formation of MOOH. In this case, a direct O2 recombination

mechanism was proposed:

Mþ H2O ! MOHþ Hþ þ e� ð2:41Þ

MOH ! MOþ Hþ þ e� ð2:42Þ

MO ! Mþ 1

2
O2 ð2:43Þ

This mechanism was found to be slightly lower in free energy by 0.08 eV than the

associative mechanism in Eqs. (2.33)–(2.36). However, Rossmeisl (2013) notes that

the use of alternative reaction mechanisms does not change the analysis of the PDS.

It can be seen that both pathways begin with the same two steps: water splitting on

the active site followed by MOH oxidation to MO. But for the direct recombination

mechanism to be relevant, the free energy of oxygen binding on the surface has to

be close to the free energy of oxygen in the gas phase (Valdés et al. 2012). This can

only be the case for weak oxygen binding, essentially when Eq. (2.43) is thermo-

dynamically downhill and will play no major role in the reaction kinetics. Under

these conditions both mechanisms predict the same PDS, (Eq. (2.34)) or

(Eq. (2.42)). Thus, for determining the overpotential to a good approximation,

Rossmeisl (2013) argues that only the associative mechanism needs to be consid-

ered even though the actual reaction path might not involve MOOH formation

at all.

Interestingly, the self-consistent surfaces for the range of oxides considered in

the latter studies were all quite similar. At the high potentials required to drive the

OER, the thermodynamically most stable surfaces were those covered by oxygen

2 The Oxygen Evolution Reaction: Mechanistic Concepts and Catalyst Design 67



(Valdés et al 2012). Based on this result, Rossmeisl et al. (2007a) note that the

interactions between water and the adsorbed reaction intermediates can be

neglected, as there are no active sites available for water adsorption. However,

the influence of the hydrogen bonding network surrounding such intermediates can

be significant (Tuckerman et al. 1995; Marx et al. 1999; Vassilev et al. 2002).

Molecular dynamic (MD) simulations of surface adsorbed hydroxyl groups indicate

that the hydrogen bonding surrounding these surface bound OH species is perturbed

from that of a surface water molecule (Vassilev et al. 2002). Specifically, it is

shown that the oxygen-oxygen distances in the MOH hydrogen bonded complex are

shorter than for water molecules in the extended network. As a result, the rate-

limiting step for OH migration on a surface is the rearrangement of the local oxygen

environment and not the proton transfer event itself (Tuckerman et al. 1995; Marx

et al. 1999; Vassilev et al. 2002). In this way, the initial discharge of water/

hydroxide at the surface could be viewed analogously as an electron transfer

facilitated migration of OH� from solution onto the surface, with a fast initial

discharge step and a slow hydrogen bonding restructuring process as follows:

Mþ H2O ! MOH* þ Hþ þ e� ð2:44Þ

MOH* ! MOH ð2:45Þ

where MOH* represents a higher energy surface bound hydroxyl group and

Eq. (2.45) depicts the restructuring process to accommodate this energetically

inequivalent species. This type of process has recently been invoked to account

for the kinetic parameters observed for an IrO2 catalyst in acidic media (Doyle

et al. 2013). When the purely chemical step in Eq. (2.44) is rate limiting, a Tafel

slope of 60 mV dec�1 and a reaction order mHþ ¼ �1 are predicted, in excellent

agreement with experimental results (Lyons and Floquet 2011).

With this in mind, Muckerman’s group have combined DFT calculations with

MD simulations to explicitly account for solvation interactions at GaN, ZnO and

GaN/ZnO alloy surfaces (Shen et al. 2010; Akimov et al. 2013; Kharche

et al. 2014). The aqueous interface chemistry was found to profoundly affect the

structure of water molecules in contact with the surface and hence, the mechanism

of the OER (Shen et al. 2010; Akimov et al. 2013). Water adsorption is primarily

dissociative on these surfaces such that surface anions, located at N or O sites, act as

bases accepting protons from dissociated water molecules while the corresponding

hydroxide ions bond with surface cations, Ga or Zn. This acid–base chemistry

results in a substantially hydroxylated surface (Kharche et al. 2014) and it is at these

sites that the molecular transformations involved in the OER are thought to take

place (Shen et al. 2010; Akimov et al. 2013). Accordingly, the following reaction

path was proposed for the OER at a GaN surface (Shen et al. 2010):

MOH� ! MO�� þ Hþ þ e� ð2:46Þ
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MO�� þ H2O ! MOOH� þ Hþ þ e� ð2:47Þ

MOOH� ! MO��
2 þ Hþ þ e� ð2:48Þ

MO��
2 þ H2O ! MOH� þ O2 þ Hþ þ e� ð2:49Þ

While certainly similar to the associative mechanism outlined in Eqs. (2.33)–(2.36),

the distinguishing feature of this mechanism is the absence of any vacant sites.

Since MD studies showed that the surface active site was unstable when vacant, the

reaction is initiated at a surface attached hydroxide ion and no vacant sites are

generated during the OER. This is in contrast to the associative mechanism where

the OER begins and ends at a vacant surface site M. Indeed, as noted by Shen

et al. (2010), it remains to be seen whether such sites would be available under more

realistic experimental conditions. That said, the hydroxide oxidation step

(Eq. (2.46)) is again shown to be the PDS, although in this case it represents the

first step in the overall reaction.

In summary, theoretical studies of the OER provide valuable insight into the

microscopic properties and thermodynamic barriers associated with efficient catal-

ysis. Though an attempt has been made here to integrate important theoretical

results with experimental observations, the true power of computational studies,

particularly those based on DFT, lies in their ability to describe trends in catalytic

activity. In Sect. 2.4, a combined theoretical and empirical trends based analysis of

the OER is discussed.

2.4 Trends in Activity

Over the past 50 years considerable research efforts have been devoted to the

kinetic and mechanistic study of the OER. While significant progress has been

made in terms of a theoretical understanding of the OER (see Sect. 2.3), little

mechanistic consensus has been achieved. Thermodynamic and kinetic analyses of

the OER are complicated by the fact that it is the metal oxide and not the metal that

catalyses oxygen evolution (Conway 1995; Rossmeisl et al. 2005). These

electrocatalytic materials are complex experimental systems whose catalytic activ-

ity is highly sensitive to a multitude of parameters including the surface and bulk

structure of the oxide film, the manner in which the oxides are prepared and even

the experimental history of the electrode (Surendranath and Nocera 2012; Doyle

et al. 2013). Moreover, the way in which these properties affect the activity of

electrocatalysts for the OER is not yet fully understood.

In light of this, many studies have attempted to rationalise the relative

electrocatalytic activities of different electrode materials in terms of a given

physicochemical property or “descriptor”. The concept of a “descriptor” involves

the hypothesis that a single microscopic parameter may be a key controlling factor

in a catalytic process (Dau et al. 2010; Marinia et al. 2012). This hypothesis arises
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from the observation that the rate of a heterogeneous reaction shows a maximum

when considered as a function of the reactivity of the catalytic surface (Sabatier

1911). This type of plot, known as a volcano plot, has been widely applied in the

study of heterogeneous chemical catalysis (Dumesic et al. 2008) and a schematic

representation is presented in Fig. 2.7. In principle, a descriptor could be any of a

number of properties of the catalyst or catalyst–reactant interaction (Koper 2013).

However, the most successful descriptors generally describe the interaction

between a key reaction intermediate and the catalytic surface. In this sense, the

observation of a maximum in Fig. 2.7 suggests that an optimal interaction exists.

This is the Sabatier principle which states that the best catalyst binds the interme-

diates “just right”, neither too weakly nor too strongly (Sabatier 1911; Dumesic

et al. 2008). If the interaction is too weak, the catalyst fails to activate the reactant

whereas if the interaction is too strong, the surface can become blocked by

intermediates or product which fails to dissociate. Thus, the identification of

suitable descriptors provides knowledge of the intrinsic factors governing the

experimental behaviour. This approach is particularly attractive as it lays the

basis for possible predictions of catalytic activity and enables meaningful catalyst

comparisons across a range of materials. In this section, the details and implications

of some of the most important examples of this approach are discussed.

2.4.1 Bulk Thermochemistry

In terms of the OER, the challenge is in quantifying what is meant by the “reactiv-

ity” of an oxide surface. Early studies examined the relationship between activity

and various thermodynamic data (Ruetschi and Delahay 1955; Parsons 1958;

Trasatti 1980, 1984; Bockris and Otagawa 1983, 1984). The first volcano relation
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for the OER was reported by Trasatti (1980) who showed a correlation between the

overpotential and the standard enthalpy change for a lower to higher valent oxide

transformation, MOx ! MOxþ1. The success of this study lies in the fact that it

correctly predicted the high activity of RuO2 and IrO2 catalysts. As illustrated in

Fig. 2.8a, the volcano plot generated for a range of binary oxides showed a peak

near these state-of-the-art catalysts. This correlation can be rationalised if one

considers that the OER is expected to involve one or more surface bound oxygen

moieties such as MOH, MO or MOOH. The interaction of these intermediates with

the surface of a given oxide MOx could result in an increase in the coordination

sphere of M, and therefore their formation would be expected to parallel the heat of

formation of the oxide in the next valency state (Trasatti 1980, 1984). Along these

lines, the OER can be viewed as the formation and subsequent decomposition of

high-valent metal surface oxides (Dau et al. 2010).

Bockris and Ottagawa (1983, 1984) found that the activity of a series of first-row

transition metal perovskites (AMO3) correlated linearly with both the standard
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Fig. 2.8 (a) Volcano plot of OER activity for various oxide catalysts in acidic (unfilled) and basic
( filled) media versus the enthalpy of a lower to higher valent oxide transition. Adapted from

Trasatti (1980). (b) OER current density (based on real surface area) at an overpotential of 0.3 V

for a series of perovskites versus the enthalpy of formation of the corresponding M(OH)3 and (c)
the same quantity versus the M–OH bond strength. Adapted from Bockris and Otagawa (1984) and

Surendranath and Nocera (2012)
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enthalpy of formation of the corresponding metal hydroxide M(OH)3 and the

metal–OH bond energy. In Fig. 2.8b, the current density at a fixed overpotential

is shown to increase as the enthalpy of hydroxide formation decreases. Although a

volcano peak was not observed in this case, the inverse relationship between the

OER activity of perovskites and the enthalpy of M(OH)3 formation suggested that

the stronger the MOH bond, the weaker the catalysis. This was confirmed using

calculated MOH bond energies which were also found to correlate inversely with

activity, as shown in Fig. 2.8c. Interestingly, a similar trend has been observed by

Subbaraman et al. (2012) who found that the oxophilicity or OH bond strength of a

series of well-defined first-row transition metal hydroxide nanoclusters was a

suitable descriptor for their activity. These authors showed that the OER

overpotential at a fixed current density of 5 mA cm�2 increased in the order

Ni>Co> Fe>Mn indicating that the activity was inversely proportional to the

OH bond strength on these catalyst surfaces. Therefore, in both cases the authors

proposed that the rate of oxygen evolution was determined by the degree of

difficulty in removing OH intermediates from the surface. That is, the rate deter-

mining step may be the desorption of OH or other oxygenated species from the

surface, or their recombination to form the O� O bond.

2.4.2 Binding Energies and Scaling Relations

Advances in DFT calculations have enabled an explicit description of OER activity

in terms of calculated adsorption energies. In Sect. 2.3.1 it was shown that OER

activity is to a large extent determined by the binding strength of the reaction

intermediates to the electrode surface. Depending on the number of different

important surface intermediates several descriptors may be identified. For the

OER at metal oxide surfaces the suggested intermediates are MOH, MO and

MOOH. Indeed, subject to whichever reaction step is potential determining the

binding energy of any one of these species could prove a suitable descriptor. That

said, it has been shown that the binding energies of these three intermediates are

strongly correlated (Rossmeisl et al. 2005, 2007a, b; Hansen et al. 2010). In general,

the binding energies of intermediates which bind to a surface through the same kind

of atom are found to scale linearly with each other as the electrode material is varied

(Rossmeisl 2013). This point is illustrated in Fig. 2.9a, where schematic scaling

relations between the binding energies of the OER intermediates and ΔGMOH are

presented. The slopes of these scaling relations are related to the number of bonds to

the surface each intermediate partakes in. For example, the MOH and MOOH

intermediates both involve a single oxygen bond to the surface and so, the slope

of their scaling relation is one, whereas the slope of the scaling relation between the

MOH and MO binding energies will be two, as the MO intermediate involves two

bonds with the surface. Significantly, it has been found that ΔGMOH and ΔGMOOH

are further related to each other by a constant of approximately 3.2 eV (Koper

2011):
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ΔGMOOH ¼ ΔGMOH þ 3:2 eV ð2:50Þ

This relationship has been confirmed both for metals and for a wide range of oxide

surfaces (Man et al. 2011; Koper 2011), implying that there is a universal scaling

relation between the MOH and MOOH intermediates regardless of the binding site.

Taking this into consideration, the energy of the second reaction step in the

associative path, ΔG2, has been proposed as a universal descriptor of oxygen

evolving catalytic activity (Man et al. 2011). It was shown in Sect. 2.3.2 that the

PDS for the OER is either the hydroxyl oxidation step (Eq. (2.34)) or the O� O

bond formation step (Eq. (2.35)). Noting that the MO intermediate is involved in

both steps, and taking into account the universal scaling relation, the expression:

ΔG2 ¼ ΔGMO � ΔGMOH � qV ð2:51Þ

clearly contains information on the binding energies for all three important OER

intermediates. Indeed this parameter has been shown be a good general descriptor

of the overpotential trends for a wide variety of oxides. In particular, it allows for a

comparison between different families of oxides using a single parameter (Man

et al. 2011). In Fig. 2.9b, the overpotential trends for a series of rutile, anatase,

cobalt and manganese oxides are presented in a single volcano plot. Again RuO2

and IrO2 are positioned near the peak. Moreover, excellent agreement, in terms of

trends, was found between the calculated overpotentials and the experimental

results reported in the literature (Man et al. 2011).

The implications of these findings for catalyst optimisation are significant. It was

shown in Sect. 2.3.1 that the ideal catalyst is defined by a free energy reaction
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diagram in which the four charge transfer steps have identical reaction free energies

of 1.23 eV. This can only be achieved at a specific binding of all intermediates.

However, due to the scaling relations it is not possible to independently tune the

binding energy of each intermediate on a surface to achieve this optimal situation.

Altering the binding energy of one intermediate will also change the binding

energies of all other intermediates. Moreover, the universal scaling relation

between MOH and MOOH defines a lower limit estimate for the thermodynamic

overpotential. Regardless of the binding energy of the MO intermediate, there

is a constant difference between the binding energies of these intermediates of

3.2 eV. This is considerably more than the optimal separation of 2.46 eV,

which would be expected for the transfer of two electrons and two protons,

1.23 eV	 2. This discrepancy predicts a minimum overpotential of 0.37
 0.20 V

(¼[3.20� 2.46 eV]/2e) (Man et al. 2011; Koper 2011). Interestingly, as can be seen

from Fig. 2.9b, the best known catalysts are already very close to this minimum value

which raises the question: can OER electrocatalysis be improved? Even if the MO

level can be situated optimally, half-way between the MOH and MOOH levels,

within this framework there will always be an appreciable OER overpotential. This

question is addressed in Sect. 2.5.1.

2.4.3 Electronic Structure and Activity

While the identification of descriptors has been greatly facilitated by the accurate

calculation of adsorption energies, it is important to develop an understanding of

the relationship between this adsorption behaviour and the fundamental properties

of the catalytic material. Since the activation energies for elementary surface

reactions are strongly correlated with adsorption energies (Nørskov et al. 2009),

knowledge of the surface’s ability to form bonds is essential. In principle, the

catalytic properties of a material are completely determined by its electronic

structure. In the case of pure transition metals, the “d-band” model provides a

useful account of the ability of surface atoms to form bonds to an adsorbate

(Nørskov et al. 2008); the higher in energy the d-states are relative to the metal

Fermi level, the stronger the interaction with the adsorbate. Arising from this, the

d-band centre is widely used as a descriptor for the activity of transition metals and

their alloys (Mavrikakis et al. 1998; Bligaard and Norskov 2007; Chen et al. 2008;

Inoglu and Kitchin 2011). In the case of transition metal oxides, however, it is

unclear whether such an interpretation can be realistically applied. The complex-

ities of the oxide surface such as the configuration of the metal atoms and their

ligands, the oxidation state of the metal and the nature of the interaction between

the active site and the adsorbates, can all influence the adsorption energies

(Calle-Vallejo et al. 2013). Instead, motivated by the success of d-band theory,

several groups have sought a molecular level understanding of OER activity using

the concepts of orbital occupancy and electron counting.
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In their study of the OER on perovskite oxides Bockris and Otagawa (1984)

correlated the experimental trends in activity with the number of 3d-electrons of the

transition metal M(III) cations. A linear increase in OER activity was observed with

increasing 3d-occupancy, as shown in Fig. 2.10a. This trend is the opposite of that

observed for the metal–OH bond strength in the same study, that is to say the bond

strength is inversely proportional to the number of d-electrons. To account for this,

these authors constructed molecular orbital diagrams for the bonding of an OH

entity to an M(III)O5 complex in an octahedral geometry. From this model of the

MOH bond, they showed that the electrons from the d-orbitals of the surface

transition metal in the perovskite occupy antibonding orbitals when involved in

OH bonding. In this way, the decreasing bond strength was accounted for by the

increasing number of d-electrons in anti-bonding orbitals. Building on this work,

Suntivich et al. (2011) propose that the occupancy of a single set of molecular

orbitals is a universal activity descriptor for perovskite type oxides. Noting that the

octahedral splitting of the d-orbitals of atoms in the transition metal M sites results

in a low energy triplet with t2g symmetry and a high energy doublet with eg
symmetry, they proposed that the filling of the surface transition metal states of

eg-orbital parentage is a more appropriate descriptor for catalysis than the total

number of d-electrons. This correlation is based on the idea that eg-orbitals partic-

ipate in σ-bonding with surface-anion adsorbates (Ballhausen and Gray 1962;

Betley et al. 2008), and can therefore form stronger overlaps with the oxygenated

adsorbates than the π-bonding t2g-orbitals. Thus, the level of occupancy of the

eg-orbital at the surface transition metal site can greatly influence the binding of the

OER intermediates, and consequently the OER activity. In Fig. 2.10b, the

eg-occupancy is shown to be a good descriptor of OER activity for a range of

perovskite oxides. A remarkable achievement of this analysis was the prediction of

the high activity catalyst Ba0.5Sr0.5Co0.8Fe0.2O3�δ (BSCF). The authors found that a
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near-unity occupancy of the eg-orbital would enhance the intrinsic OER activity of

perovskite transition metal oxides. Noting that BSCF had a near optimal

eg-occupancy, this catalyst was subsequently shown to have the highest experimen-

tal activity of the oxides studied (Suntivich et al. 2011).

Regardless of the approach taken, these studies show a clear correlation between

OER activity and the electronic structure of the oxide. A notable study from Calle-

Vallejo et al. (2013) helps to shed light on the nature of this relationship. These

authors examined the relationship between the number of transition metal “outer”

electrons, defined as the number of valence electrons remaining on the metal in a

particular oxidation state, and the calculated adsorption energies for the OER

intermediates, ΔGMOH, ΔGMO and ΔGMOOH. Two distinct cases were considered.

In the first case, the transition metal in a given type of oxide was varied in order to

determine the effect of changing the number of outer electrons. In Fig. 2.11a, the

trends observed for a series of monoxides are presented. The adsorption energies

increased linearly with the number of outer electrons indicating a systematic

weakening of the interaction. Analogous to the explanation provided by Bockris

and Ottagawa (1984), this was attributed to increasing electron density in anti-

bonding orbitals. The only exception was that of CaO which is easily justified as

both components—Ca2+ and O2�—have complete valence shells, making CaO

inert with regard to adsorption or surface bonding (Calle-Vallejo et al. 2013).

Importantly, though, it was found that the slope for ΔGMO in Fig. 2.11a was

twice that of both ΔGMOH and ΔGMOOH. This feature explains the occurrence of

the adsorption scaling relations outlined in Sect. 2.4.2 and was observed for all

systems examined including the pure metals as well as a range of perovskite oxides.

In the second case, the oxidation state of a given transition metal was varied in order

to determine the effect of changing the valence shell filling. In Fig. 2.11b, the trends

observed for a range of Ni based systems are shown. Again the same linear scaling

relations are present except that this time an increase in oxidation state corresponds

to a weakening of the interaction. To understand this, consider a surface Ni atom

coordinated to five oxygen atoms. Noting that the oxygen adsorbate completes the

octahedral arrangement, the authors propose that when a Ni cation at the surface

coordinates with an electrophilic ligand it must donate electrons to it in order to

form the bond (Calle-Vallejo et al. 2013). In this respect, the more oxidised the

metal, the fewer electrons available for bonding implying that the strength with

which highly oxidised cations create bonds that require further oxidation is weak,

compared with atoms of the same species in a lower oxidation state.

Taking this into consideration, the number of outer electrons is seen to be the

primary electronic-structure factor influencing the surface energetics of the OER

intermediates (Calle-Vallejo et al. 2013). Moreover, the fact that linear relations

were observed in all cases is significant as it indicates that the number of outer

electrons can be used as a descriptor to understand differences in adsorption

energies not only within the same type of compound but also between different

structural families. Interestingly, the number of outer electrons has also been shown

to smoothly describe trends in the formation energy of various bulk oxides. Calle-

Vallejo et al. (2015) showed that the formation energy for a particular oxide
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increases linearly with the number of outer electrons. By extension, the same linear

scaling relations were observed between the formation energy and the adsorption

energies of the OER intermediates. The corresponding trends observed for a series

of first row transition metal monoxides are shown in Fig. 2.11c This direct corre-

lation between oxide formation energy and intermediate adsorption energy is

fortuitous as it not only explains the early success of the bulk thermochemical

descriptors, it validates the use of these quantities in describing OER activity trends.

In fact, given the large availability of bulk thermochemical data this approach offers

a simple yet chemically sound predictive model of OER catalysis.

In essence, these studies suggest that the number of valence electrons is the

hidden parameter behind all successful OER descriptor models. Broadly speaking,

the main driving force for the reactivity of transition metals and their oxides can be
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viewed in terms of their search for maximum stability on a molecular scale (Calle-

Vallejo et al. 2013). That is, the fulfilment of simple electron-counting rules by each

component in the system. In this way, the varying OER activity of metal oxides can

begin to be understood on a molecular level. However, while this is most certainly

an important step towards a fully predictive model of catalyst design, it must be

stated that any approach utilising a single parameter description of OER activity

will be subject to the scaling relations outlined in Sect. 2.4.2 (Halck et al. 2014).

Indeed, trends based on the number of outer electrons literally give rise to the

universal scaling relations. Thus, a major challenge in OER catalysis is to find a

way to modify oxide surfaces such that these design limitations can be broken,

enabling the independent optimisation of the reaction parameters. In Sect. 2.5,

significant developments in OER catalyst design are discussed with a view towards

enhancing catalytic activity and gaining atomic level insight into the nature of the

active site.

2.5 Tailoring Activity

The goal in OER catalyst development is to have enough knowledge of the factors

determining catalytic activity to be able to tailor catalysts atom-by-atom (Nørskov

et al. 2009). In this respect, the single descriptor models detailed in Sect. 2.4

represent an important step forward, bringing simplicity and generality to the search

for improved catalysts. Yet it can be argued that this simplicity imposes artificial

restrictions on catalyst design. Breaking the adsorption scaling relations on well-

defined planar oxides requires a three dimensional description of activity (Halck

et al. 2014)—a situation that is likely already present in real high surface area

catalyst systems. Nevertheless, OER catalyst design is a complex endeavour.

Prospective catalysts must not only possess high activities, but should also be

electronically conductive and exhibit long term stability under the harsh operating

conditions of an electrolyser unit (Chang et al. 2014). In this section, several multi-

parameter frameworks to develop new catalysts with enhanced OER properties are

presented. These studies provide fundamental insight into the reactivity of the oxide

surface at the atomic scale—yielding useful design principles. Moreover, a signif-

icant challenge in electrocatalyst development is the identification of the catalyti-

cally active species on the catalytic surface. This section then concludes with a

molecular level consideration of the nature of the active site.

2.5.1 Catalyst Synergy

Multi-component catalyst systems are one of the most promising avenues of

research for OER catalyst enhancement. Various mixed oxides, dopants and cata-

lyst substrates have been examined with a view towards garnering synergistic

effects. In many cases significant improvements in catalytic activity have been

observed. The beneficial effect of Fe impurities on the OER activity of Ni
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hydroxides was reported over 25 years ago (Desilvestro et al. 1986; Corrigan 1987;

Corrigan et al. 1987) and since then Ni–Fe based oxide catalysts have been shown

to be some of the most active catalysts in alkaline media (Landon et al. 2012;

Trotochaud et al. 2012; McCrory et al. 2013; Gong et al. 2013; Smith et al. 2013a,

b; Louie and Bell 2013; Kim and Choi 2014). Notably, Ni0.9Fe0.1OOH was found to

have an OER turnover frequency greater than tenfold higher than that of IrOx

catalysts (Trotochaud et al. 2012). Similarly, the activity of manganese (El-Deab

et al. 2007; Mohammad et al. 2008; Gorlin et al. 2014), cobalt (Yeo and Bell 2011;

Lu et al. 2014) and nickel (Yeo and Bell 2012) based oxides towards oxygen

evolution can be drastically increased in the presence of gold. Impurity doping in

semiconductor electrodes has also been shown to lead to activity enhancements. For

example, improvements in the activity of hematite (Liao et al 2012) and rutile TiO2

(Garcı́a-Mota et al. 2011) can be observed with Ni/Co and Mn/Mo doping, respec-

tively. Even in the case of state-of-the-art ruthenium oxide based catalysts signif-

icant increases in OER activity have been obtained by mixing with Ni or Co

(Petrykin et al. 2010).

In an effort to better understand this catalytic enhancement, several models have

emerged describing the reactivity of these catalysts at the atomic scale. Halck

et al. (2014) proposed a hydrogen acceptor model to account for the enhanced

OER activity of Ni and Co modified RuO2. This model assumes an associative

reaction pathway (Eqs. (2.33)–(2.36)) and suggests a stabilisation of the MOOH

intermediate through localised hydrogen bonding or full proton transfer. A sche-

matic representation of this model is presented in Fig. 2.12. For rutile type oxide

catalysts, the OER is thought to occur on the surface CUS sites, as these sites

provide reactive “atop” positions essential for the formation of strongly adsorbed

intermediates (Halck et al. 2014). In the hydrogen acceptor model, it is envisaged

that the local CUS site architecture is modified by the incorporation of the

heterovalent Ni/Co cations. The oxygen bridge positions, which are generally

considered to be inactive, get activated by the presence of the nearby Ni or Co

such that the bridging O accepts a strong hydrogen bond or even adsorbs the

hydrogen from the MOH and MOOH intermediates, as shown in Fig. 2.12. This

results in a significant deviation in the overall energetics of the OER from the

conventional analysis outlined in Sect. 2.3. In Fig. 2.12 it can be seen that the free

energy changes for step 1 and step 3 on the Ni and Co modified RuO2 are lowered

compared with those on pure RuO2, but not by equal amounts. This is an important

observation as it indicates that the universal scaling relation between the binding

energies of the MOH and MOOH intermediates no longer applies. That is, the

thermodynamic limitation of the overpotential to ca. 0.37 V has been removed and

the OER can proceed at potentials closer to the reversible potential. Accordingly it

was found that the largest reaction energies for the Ni and Co modified RuO2 were

1.49 eV (step 2 potential-determining) and 1.33 eV (step 1 potential-determining)

respectively, which gave rise to corresponding thermodynamic overpotentials of

ca. 0.26 and 0.1 V. This trend was confirmed experimentally where a series of

RuxNi1�xO2 and RuxCo1�xO2 catalysts were all shown to outperform the pure RuO2

catalyst (Halck et al. 2014).
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In this way, decoupling of the MOOH and MOH binding energies makes it

possible to tune the catalytic properties of a material by varying the hydrogen

acceptor. Indeed, Halck et al. (2014) have successfully extended this analysis to

model the beneficial interaction of both Mn and Co with gold. Various literature

reports have highlighted significant improvements in OER activity when Au is

added to Mn or Co based catalysts. For example, El-Deab et al. (2007) and

Mohammad et al. (2008) compared the OER electrocatalytic activity of

γ-MnOOH nanorods deposited on Au, Pt and glassy carbon substrates. They

found that the lowest overpotential, by more than 200 mV, was obtained for a

manganese oxide modified Au substrate. Similarly, it has been shown that the OER

turnover frequency, measured at an overpotential of 400 mV, for MnOx

nanoparticles is increased 20-fold when they are co-deposited with Au

nanoparticles (Gorlin et al. 2014). Likewise, gold nanoparticles have also been

found to enhance the OER activity of mesoporous Co3O4 (Lu et al. 2014). Applying

the hydrogen acceptor model, Frydendal et al. (2015) suggest that Au¼O function-

alities on the gold nanoparticles/substrates act to lower the energy of the MOOH

intermediate in the same way as the rutile oxygen bridge sites. The inclusion of this

gold hydrogen acceptor in the theoretical analysis predicted a lowering of the

thermodynamic overpotential for several Mn and Co based catalysts by

ca. 0.1–0.3 V, in line with the experimental observations (El-Deab et al. 2007;

Mohammad et al. 2008; Gorlin et al. 2014; Lu et al. 2014). Thus, the addition of a

proton donor-acceptor functionality represents a simple multi-dimensional

approach for the optimisation of the electrocatalytic surface.

Busch et al. (2011a, b, 2013a, b) provide an alternative interpretation of the

origin of such catalytic enhancement, arguing that mixing transition metal oxides

with opposite reactivity can lead to improved catalytic performance. In contrast to
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the hydrogen acceptor model, these authors assumed a binuclear reaction path

similar to the Bockris Electrochemical Oxide (Table 2.1)/direct recombination

mechanism (Eqs. (2.41)–(2.43)). The potential catalytic performance of a series

of homo-(bi)nuclear transition metal catalysts was evaluated with respect to the two

primary steps in the mechanism: the oxidation of two MOH hydroxyl groups to

form two MO oxo groups and the subsequent μ-peroxo bond formation between the

MO groups. The choice of transition metal was shown to have a significant effect on

the stabilities of the MO intermediates. In particular, two distinct classes of

compound were identified depending on the degree of single bond character in

theM ¼ Obond of the MO intermediate (Busch et al. 2011a, 2013a). The energetics

of these two classes are typified by the Fe–Fe and Co–Co reaction energy diagrams

in Fig. 2.13. For the Co–Co (Mn–Mn, Ni–Ni) catalyst the MO moieties contain

considerable radical character and so, their formation is endothermic requiring an

overpotential of approximately 0.5 eV (1.06 eV/2) relative to a tyrosine reference

potential.4 As a result, the subsequent O–O bond formation becomes strongly

exothermic of the order of �0.75 eV. On the other hand, the M ¼ O bonds are

stable for the Fe-Fe (Cr-Cr, V-V) catalyst with the result that the two MOH

oxidation steps are exothermic. This stabilisation leads to an O–O bond formation

step that is strongly endothermic of the order of 0.75 eV. In both cases, it is clear

that significant overpotential or thermal activation is necessary for the reaction to

proceed. Based on these findings, Busch et al. (2011b) proposed a hetero-nuclear

Fe-Co catalyst as an attractive compromise which could overcome the shortcom-

ings of the individual homonuclear catalysts. While this catalyst can follow two

pathways—forming Fe¼O or Co¼O first—it can be seen from Fig. 2.13 that the

inertness of Fe¼Owas counteracted by the reactivity of the Co¼O to the extent that

the di-hydroxo species displays a negligible endothermicity or overpotential of

0.11 eV and the μ-peroxo formation step is slightly exothermic by �0.14 eV. This

finding is consistent with experimental observations that the OER performance of

Fe3O4 based catalysts can be improved by combining with Mn and Co oxides

(Singh et al. 1996; Rios et al. 1999; Merrill and Dougherty 2008; McCrory

et al. 2013). Therefore, by mixing oxides from opposing reactivity groups it may

be possible to selectively tune the relative energies of important intermediates,

leading to minimal OER reaction barriers.

On the other hand, several authors have attributed the catalytic enhancement to

changes in the local electronic properties of the active sites. Yeo and Bell (2011,

2012) compared the OER activity of Ni and Co oxides prepared on a range of

substrates. They observed that the OER activity of a submonolayer of cobalt

oxide decreased with decreasing electronegativity of the substrate in the order

CoOx/Au>CoOx/Pt>CoOx/Pd>CoOx/Cu>CoOx/Co (Yeo and Bell 2011).

Similarly, it was found that a monolayer of nickel oxide deposited on Au exhibited

greater electrocatalytic activity when compared with an equivalent layer deposited

4 The significance of this reference potential is beyond the scope of this discussion but interested

readers are directed to Busch et al. (2011a, 2011b) for more details.
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on a Pd substrate (Yeo and Bell 2012). In all cases the increase in activity follows

the trend in electronegativities and may be the result of partial electron transfer

from the oxide to the more electronegative metal substrate. This concept has been

elaborated on by Trotochaud et al. (2014) to account for the extraordinary synergy

in Ni–Fe based catalysts. It has been shown that the Fe in these catalysts is

predominantly found in the Fe3+ oxidation state (Corrigan et al. 1987; Kim

et al. 1994; Balasubramanian et al. 2000). However, at potentials associated with

active oxygen evolution, V–pH (Pourbaix) diagrams predict that both Fe3+ and Fe4+

could be stable (Pourbaix 1974; Schweitzer and Pesterfield 2010). In principle,

partial-charge transfer can therefore occur between the Fe and Ni centres. For

example, Corrigan et al. (1987) found evidence from in situ Mossbauer spectros-

copy of partial electron transfer away from Fe3+ centres when Ni3+ centres were

further oxidised to Ni4+. In addition, the potential of the Ni2+/Ni3+ redox couple has

been shown to depend on the Fe content of the film (Louie and Bell 2013;

Trotochaud et al. 2014). The presence of Fe effectively makes it more difficult to

oxidise Ni2+. Based on these observations, Trotochaud et al. (2014) suggest that

partial electron transfer between the Ni and Fe centres leads to Ni3+ or Ni4+ species

with more oxidising power and thus, enhanced OER activity. In this way, altering

the electrophilicity of the active centres, through the relative electronegativities of

the component metals, represents an experimentally facile approach to catalyst

optimisation.
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Fig. 2.13 The reaction energetics for hydroxide oxidation and μ-peroxo bridge formation at the

homo-binuclear Fe (short dash) and Co (long dash) sites and hetero-binuclear FeCo (solid lines)
sites showing the step-by-step dehydrogenation processes. All energy values are given in

eV. Adapted from Busch et al. (2011a, b)
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2.5.2 Activity–Stability Relations

The requirement of long-term stability for an OER catalyst is clear and widely

acknowledged (Merrill and Dougherty 2008; McCrory et al. 2013; Fabbri

et al. 2014). Even if it could be born economically, the frequent replacement of

electrode materials makes little sense from both an operational and energy supply

standpoint. However, a key question that is rarely addressed is: What is the

relationship between the stability of an oxide material and its activity for the

OER? While this relationship is addressed implicitly in the volcano relations

detailed in Sect. 2.4—simply put, the most active catalyst is neither too reactive

nor too stable—an explicit understanding of the atomic scale stability of oxide

materials during the OER is lacking.

The potential impact of such knowledge on the development of OER catalysts is

highlighted by the work of Markovic’s group (Chang et al. 2014, 2015; Danilovic

et al. 2014b). These authors studied the fundamental links between the activity and

stability of well-defined monometallic and bimetallic oxides, arguing that it is the

stability, or lack thereof, of surface atoms that controls the OER activity of oxide

materials. In these studies, the activity of a particular oxide was given by the

overpotential measured at 5 mA cm�2 of OER current density and the stability of

each oxide was defined by its degree of dissolution, as quantified by the concen-

tration of corresponding metal ions in solution following each OER polarisation

experiment. The trends observed for a series of monometallic oxides in acidic

media are presented in Fig. 2.14. In order to discern any structural effects, two

types of oxide with very different morphologies were examined: for each metal a

crystalline thermally prepared oxide (TC) and a highly defective amorphous elec-

trochemically prepared oxide (EC) were studied. It can be seen from Fig. 2.14 that

the OER activity of both types of oxide increased with the oxophilicity of the metal

in the order Os�Ru> Ir> Pt>Au and that the activity was inversely proportional

to the stability of the oxide. Notably, Os was found to be considerably more active

than Ru but was also extremely unstable. Furthermore, the amorphous oxides all

showed higher activity but less stability than the crystalline oxides. Given the

higher density of defects in the EC-oxides relative to the TC-oxides, it was noted

that the density of surface defects may play a significant role in the relationships

between activity and stability (Danilovic et al. 2014b). Similar trends were also

observed for a range of polycrystalline and single crystalline oxides (Chang

et al. 2014; Danilovic et al. 2014b). In all cases the most defective surfaces were

the most active and the least stable, suggesting that the inverse relationship between

activity and stability is a general phenomenon in OER electrocatalysis.

Taken together, these studies show that both the nature of the oxide and the

density of surface defects play an important role in controlling the stability and

reactivity of surface atoms (Chang et al. 2015). This relationship has been explained

in terms of a potential induced transformation from a stable low-valence oxide into

an unstable higher-valence oxide, reminiscent of the O’Grady pathway in Table 2.1.
It was observed that the onset of Ru and Ir dissolution for polycrystalline surfaces
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was always accompanied by the onset of OER current density (Danilovic

et al. 2014b). Using in-situ X-ray near edge structure (XANES) analysis these

processes were found to coincide with a change in the average metal oxidation

state from n¼ 4 to a less well-defined n> 4 state. Significantly, the extent to which

this transition occurred mirrored the activity and stability trends. Polycrystalline Ru

showed a greater rate of oxidation than polycrystalline Ir, consistent with its higher

activity and lower stability. On this basis the active sites for these catalysts were

identified as locations on the electrode surface where the transition from the stable

n¼ 4 state to the unstable n> 4 state is facilitated, such as defect sites (see

Sect. 2.5.4), highlighting how potential dependent variations in the oxidation

state of surface atoms govern the stability of, and induce activity in, these oxides

(Danilovic et al. 2014b; Chang et al. 2015).

This link between the intrinsic activity and stability of oxide materials provides

an interesting interpretation of OER catalyst optimisation. In this framework, the

best materials for the OER should balance activity and stability in such a way that

the dissolution rate is neither too fast nor too slow (Danilovic et al. 2014a; Chang

et al 2015). This is seen clearly in the nanoscaling effects reported for Ru catalysts.

Reier et al. (2012) compared the activity of bulk and nanoparticulate Ru catalysts in

acidic media. While these catalysts exhibited similar activities, the Ru

nanoparticles suffered from strong corrosion at the applied OER potentials and

were unable to sustain their activity. Even on Au “the noblest of metals” the OER

has been shown to follow a decomposition mechanism. Diaz-Morales et al. (2013)

performed online mass spectrometry analysis of the oxygen evolved from
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polycrystalline Au surfaces. Using 18O labelling of the surface oxide, they showed

that the very first oxygen evolved was 18O2, which could only have arisen from the

surface oxide layer, indicating that the initial oxygen evolution process was accom-

panied by decomposition of the surface oxide. In an effort to overcome these

stability limitations the Markovic group have developed a new synthesis strategy

that is based on the concept of surface segregation or surface enrichment (Ruban

et al. 1999; Novell-Leruth et al. 2013; Danilovic et al. 2014a). Thermal annealing of

Ru0.5Ir0.5 alloys and nanoparticles was shown to enrich the catalyst surface with the

more stable Ir atoms (Danilovic et al. 2014a). This resulted in the formation of a

nano-segregated surface domain that enhanced the stability of the catalyst four-fold

without compromising its OER activity. Thus, tuning the near-surface composition

of mixed oxide catalysts affords a viable strategy for balancing catalyst activity and

stability.

2.5.3 Conductivity Effects

The conductivity properties of the catalyst film can strongly impact its performance

as an oxygen evolution electrocatalyst. Efficient charge transport to the active site is

crucial if the reaction is to proceed at a practical rate. This can be a major limitation

for many metal oxides as they lack the conductivity of the parent metal (Bockris

and Otagawa 1984; Matsumoto and Sato 1986). As a result, the extent to which the

applied potential is translated to the oxide–electrolyte interface can vary over a

large range. In cases where the catalyst film is not sufficiently conductive, a portion

of the potential will drop across the catalyst film in order to drive the current

transport, leading to a lower apparent activity relative to a more-conductive film

(Trotochaud et al. 2014). Therefore, from the perspective of catalyst optimisation, it

is important to be able to decouple these conductivity limitations from the intrinsic

catalytic activity.

A number of authors have proposed a dual energy barrier model to account for

conductivity limitations in thin surface oxide layers (Meyer 1960; McDonald and

Conway 1962; Lyons and Brandon 2010; Doyle and Lyons 2014b). Electrokinetic

studies of the OER rely on the assumption that the measured current is a direct

result of the interfacial charge transfer process. However, in situations where the

current is also dependent on the charge-transport efficiency through the oxide film,

interpretation of the kinetic parameters can be more complicated. In this respect, the

dual energy barrier model assumes that only a fraction ΔVFS of the total potential

difference between the metal support and the electrolyte ΔVMS determines the

electrochemical charge transfer kinetics in the double layer (McDonald and Con-

way 1962). The remainder ΔVMF appears across an electronically semi-conducting

“barrier” oxide, through which the charge passed must migrate under the influence

of an electric field. In this way, the process can be considered equivalent to a

complex electrode reaction with two rate limiting steps following one another:

charge migration through the oxide film and charge transfer at the electrolyte
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interface, as shown schematically in Fig. 2.15a. The result of this is a composite

symmetry factor for the overall process across the two barriers as follows:

βΣ ¼ βFβS
βF þ βS

ð2:52Þ

where βF is the symmetry factor for field assisted charge transport through the oxide

and βS represents the symmetry factor for the electrocatalytically rate-determining

electron transfer reaction. A similar dual barrier expression can also be derived for

the effective reaction order with respect to the activity of a particular reactant aS:

dlogi

dlogaS
¼ mSβF

βF þ βS
ð2:53Þ

where mS is the expected value of the reaction order in the absence of dual barrier

conditions. In this way the true mechanistically significant kinetic parameters can

be extracted from the overall current response. Although this model was originally

suggested for monolayer Au oxides, McDonald and Conway (1962) suggest that it

can be logically extended to layers thicker than a monolayer and so, should be

generally applicable for thin compact oxides through which facile charge transport

cannot be assumed.

In relation to this, Viswanathan et al. (2014) propose that there is a critical

thickness for such compact oxide films beyond which charge-transport should

always be considered. Utilising TiO2 as a model system, these authors explored

the role of coherent tunnelling as a mode of charge transport in electrocatalytic
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Fig. 2.15 (a) Schematic representation of the dual energy barrier model showing associated

potential gradients through the barrier film and double-layer interface. Adapted from McDonald

and Conway (1962). (b) Comparison of theoretical (squares) and experimental (circles) data for

the oxygen evolution current density at 2.0 V vs. RHE. The current density is normalised relative

to a 1.2 nm TiO2 sample and a roughness of about 0.5 nm is included in the analysis. Adapted from

Viswanathan et al (2014)
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materials with low conductivity. To account for the possibility of electron tunnel-

ling, the equation for the kinetic current density (Eq. (2.39)) can be modified as

follows (Viswanathan et al. 2014):

j ¼ j min exp � q V � Vbias � VOER
� �

kT

� 	
, 1

� �



 jt qVbiasð Þ ¼ j½ � ð2:54Þ

Here, the tunnelling current density jt is dependent on the potential difference across
the film and must be sufficient to sustain the electrochemical current density j.
This condition gives rise to a minimum potential bias Vbias which can have a

significant influence on the observed electrocatalytic activity—appearing as an

apparent increase in overpotential or a decrease in the current density at a fixed

potential. For example, calculated and experimentally measured current densities at

a fixed OER potential are plotted as a function of the TiO2 layer thickness in

Fig. 2.15b. For sufficiently thin films it was found that tunnelling can contribute in

a dominant way to charge transport with the result that below a thickness of ca. 4 nm,

Vbias was negligible and the OER kinetics were unchanged. However, for thicker

layers, charge-transport begins to limit the OER current density. The tunnelling

current density at a fixed Vbias was shown to decay rapidly with increasing layer

thickness. Accordingly, a greater proportion of the applied potential is necessary to

drive the tunnelling process resulting in a decrease in the observed OER current

density as the layer thickness increases. Based on these observations the authors

suggest that nanostructuring offers a potential solution; by lowering the distance

required for the charge to travel and allowing for additional charge transport

mechanisms such as tunnelling to become active, the intrinsic activity of the catalyst

film can be studied irrespective of its bulk conductivity (Viswanathan et al. 2014).

While these studies have focussed on the electronic conductivity of compact

anhydrous oxides, alternative charge transport mechanisms will become important

for more porous structures. In electrochemically prepared hydrous oxides the

electric field decays rapidly within a few nanometers of the electrode support

(Surendranath and Nocera 2012). Redox centres immediately adjacent to the

support electrode are directly affected by the electrode potential, whereas charge

is further propagated along the oxy-metal strands through an electron hopping

mechanism (Fachinotti et al. 2007; Lyons et al. 2011; Doyle et al. 2013). Impor-

tantly, this electron hopping process is accompanied by the transport of ions along

the same path and as such, the ionic conductivity of these films can also be a key

determinant of their electrocatalytic performance.5 However, even for these highly

porous films, simple attempts at facilitating electron transport within the film, such

as the incorporation of conductive carbon architectures, have yielded significant

5 IS and CV studies can provide a useful qualitative and quantitative characterisation of the charge-

transport processes in mixed ionic/electronic conductors. The IS analysis of such processes is

discussed in detail by Bisquert et al. (2000a, 2000b) and Terezo et al. (2001), whereas the CV

characteristics have been comprehensively reviewed by Doyle et al. (2013).
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catalytic enhancements. An electrochemically prepared hydrous Fe oxide/single

walled carbon nanotube composite catalyst showed a 50 mV reduction in OER

overpotential relative to the pure hydrous oxide, with a three-fold increase in

turnover frequency (Doyle and Lyons 2014a). This enhancement was attributed

to the superior conductivity of the composite film—IS analysis of the film during

active oxygen evolution showed an eight-fold decrease in charge transfer resistance

compared with the pure hydrous oxide film. Similar enhancements in catalytic

activity have been reported for a range of chemically synthesised spinel oxide/

graphene composite catalysts including Co3O4 (Liang et al. 2011), MnCo2O4

(Wang et al. 2011; Liang et al. 2012), NiCo2O4 (Lee et al. 2013) and CoFe2O4

(Bian et al. 2014).

Additionally, nanostructuring has also been shown to enhance the activity of

amorphous electrodeposited oxides, although in this case it appears that increasing

rather than decreasing the charge transport network is necessary. This is illustrated

clearly for the cobalt catalyst films developed by Nocera’s group (Farrow

et al. 2013). Catalyst films formed in borate (CoBi) and phosphate (CoPi) electro-

lytes showed marked differences in activity with increasing film thickness. In both

cases the performance of the layer increased with thickness reflecting an increase in

effective surface area, as would be expected for a porous layer. However, whereas

the CoBi films displayed a monotonic increase in activity with film thickness, the

activity of CoPi reached a limiting activity. This observation correlated with

structural differences in the catalyst films: CoBi films exhibited coherent domains

consisting of 3–4 nm cobaltate clusters (see Sect. 2.5.4) with up to three layers,

whereas CoPi films comprised significantly smaller clusters that were not coher-

ently stacked. It was suggested that the larger domain size and lower disorder of

CoBi relative to CoPi facilitated intralayer and interlayer hopping of electrons,

providing for greater charge transport mobility in the CoBi films. In this way the

effective concentration of catalytic sites could be more easily increased for the

CoBi films while still maintaining an efficient charge transport network. Thus, an

effective OER catalyst design protocol should also include the careful engineering

of the material structure, so that conductivity can be maximised while preserving

the surface structures necessary for efficient catalysis. In Sect. 2.5.4 the specific

nature of these catalytically active surface structures is discussed.

2.5.4 The Active Site

It is generally accepted that surface reactions occur predominantly at active sites

(Schwab 1981; Burke et al. 2000, 2003). This concept, first introduced almost a

century ago by Taylor (1925), is based on the idea that heterogeneous reactions do

not take place over the entire available catalytic surface but are instead localised at

specific catalytically active surface sites. Although pinpointing these active sites

experimentally has proven difficult, some consensus has been achieved regarding

their general properties. In the case of metal and metal oxide surfaces, the active
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sites are thought to be located at surface defects in the lattice structure. Somorjai

(1996) pointed out that, for the same surface, catalytic processes occur much more

rapidly at defects, such as kinks and ledges, than on terraces, stressing that more

defective surfaces are most active—a point supported by the work of Markovic’s
group discussed in Sect. 2.5.2. Similarly, Sun et al. (2012) found, using a combined

Hückel theory and DFT approach, that the most thermodynamically stable oxygen

adsorption sites on Au are those with the potential for multi-fold coordination.

Moreover, Nowicka et al. (2010) have shown that the active sites on Au can be

selectively “knocked out” by treatment with hydroxyl radicals, suggesting that

surface defects are the loci of partially filled d-orbitals that can stabilise free-

radical intermediates. From these observations it seems clear that sites with low

lattice coordination at the atomic level control the surface reactivity. However, the

specific nature of these sites is still not well understood, hence the somewhat

ambiguous representation of the OER active sites by M in this work. A fundamental

challenge in OER catalyst design is understanding the processes occurring at these

sites at the microscopic level.

An intuitively chemical description of OER catalysis has been provided by the

groups of Burke and Lyons (Burke and O’Sullivan 1981; Lyons and Burke 1987;

O’Sullivan and Burke 1990; Rebouillat et al. 2011; Lyons et al. 2011; Doyle

et al. 2013). These authors contend that the specific nature of the active site can

be envisaged if attention is paid to the underlying surface redox chemistry of the

oxide. In aqueous solution, metal oxide surfaces have a significant hydrophilic

character with the result that surface oxy groups can become extensively hydrated

or hydroxylated (Burke et al. 1982b; Egdell et al. 1983). For compact crystalline

oxides this hydration is likely restricted to coordinately unsaturated surface defect

sites, whereas for more porous oxides the hydration can permeate deeper into the

layer. Indeed, for anodically generated hydrous oxide films it appears that the

oxy-metal cations are hydrated at the individual level, virtually intermingling

with the solution phase (Burke and Lyons 1986). In this way, it is suggested that

metal oxides share a common surface–electrolyte interface, only differing in the

extent of their hydration/hydroxylation, as illustrated in Fig. 2.16. Importantly,

insight into the structure of these hydrated surface species is afforded by an

examination of their distinctive redox behaviour. Negative super-Nernstian V-pH
shifts have been observed for the redox transitions of a number of transition metal

oxide surfaces including Ni (Burke and Twomey 1984; Lyons et al. 2012a, b)

Fe (Burke and O’Sullivan 1978; Burke and Lyons 1986; Doyle and Lyons 2013a, b)
Au (Burke et al. 1982b) Rh (Burke et al. 1981) Ir (Burke and Whelan 1984) and Ru

(Lyons and Burke 1987; Lyons and Floquet 2011) implying that the oxidised state

of these oxides acquires a net negative charge relative to the reduced state. This

anionic oxide formation arises from well-known hydrolysis reactions which accom-

pany the oxidation of the metal cations (Burke and Lyons 1986; Sato 1998), and can

be equivalently regarded in terms of the adsorption of excess OH� ions, proton loss

from coordinated water molecules or the formation of hydroxyl surface complexes.

Based on these considerations, a general structure for the hydrated surface species
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has been proposed: M zð ÞOm OHð Þn OH2ð Þy
h ip�

where p ¼ 2m þ n � z and z is

the oxidation state of the metal M, which should apply to any oxide phase known to

acquire a net negative charge in aqueous solution. Accordingly, the electrocatalytic

activity of the various oxide films can be ascribed to the presence of complex

anionic surface clusters, consisting of octahedrally co-ordinated metal com-

plexes—the surfaquo group.

It is important to emphasise here that the formulae for these anionic species are

devices presented to rationalise the observed V-pH behaviour; the exact surface

stoichiometry is often unknown and will depend on the nature of the metal cation

and its energetically stable coordination states. However, it is believed that this

chemically intuitive approach is more realistic than thinking in terms of discrete

stoichiometric oxide species. In their original work on thermally prepared Ru based

oxides, Lyons and Burke (1987) proposed that the OER took place at Ru surfaquo

groups according to the following reaction sequence:

�O�ð Þ2RuO� OHð Þ3 þ OH� Ð �O�ð Þ2RuO:O� OHð Þ2 þ H2Oþ e� ð2:55Þ

�O�ð Þ2RuO:O� OHð Þ2 ! �O�ð Þ2RuO2 OHð Þ2 þ e� ð2:56Þ

�O�ð Þ2RuO2 OHð Þ2 Ð �O�ð Þ2RuO2 þ 2Hþ þ O2 þ 2e� ð2:57Þ

−
+

+

= Metal Ion = O= H
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Fig. 2.16 Schematic representation of the oxide–solution interface for (a) compact thermally

prepared oxides such as RuO2 and (b) anodically prepared hydrous oxides. In both cases the

electrocatalytically active region is hydrated containing octahedrally co-ordinated surfaquo groups

either individually dispersed or interlinked in a more extended network. Adapted from Lyons

et al. (2014)
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�O�ð Þ2RuO2 þ OH� þ H2O Ð �O�ð Þ2RuO� OHð Þ3 ð2:58Þ

Here the surfaquo groups are linked to the oxide surface by two bridging oxygen

species �O�ð Þ. With the second electron transfer step being rate-determining, this

mechanism was shown to be in good agreement with the observed electrokinetic

data: b ¼ 60 mV dec�1 and mOH� ¼ 1. Building on this concept, surfaquo groups

have been specifically implicated as the OER catalytic centres on several thermal

oxide (Lyons and Burke 1987; Lyons and Floquet 2011; Godwin et al. 2014),

passive oxide (Lyons and Brandon 2010; Doyle and Lyons 2014b) and hydrous

oxide surfaces (O’Sullivan and Burke 1990; Lyons and Brandon 2009; Lyons

et al. 2012a, b; Doyle and Lyons 2013a, b). In particular, the pH dependence of

the OER on hydrous Fe oxides was shown to mirror that of the surface redox

processes, as shown in the inset of Fig. 2.17 (Doyle and Lyons 2013a, b). Rather

than the expected V-pH shift of�59 mV/pH unit for a process involving equivalent

proton/hydroxide and electron transfer, the OER onset potential exhibited a

�93 mV/pH super-Nernstian shift of similar magnitude to the primary hydrous

oxide redox transition A3. On this basis it was suggested that the anionic surfaquo

groups located throughout the hydrous layer actively partake in oxygen evolution,

and the mechanism outlined in Fig. 2.17 was shown to be in excellent agreement

with the electrokinetic data obtained for a range of hydrous Fe oxide catalysts

(Doyle and Lyons 2013a, b, 2014a).

In the context of the current discussion, it is worth pointing out the molecular

nature of these mechanisms. Essentially a modification of the Kobussen Pathway

(Table 2.1) to take into account the nature of the surfaquo groups on the Fe surface,

the mechanism in Fig. 2.17 also draws heavily on molecular concepts, including Fe

(V) oxo catalysis (McDonald and Que 2011), and is analogous to those depicted for

various homogeneous catalyst systems (Wang et al. 2010; Busch et al. 2011a, b;

Duan et al. 2012). This is not unexpected given the very dispersed and somewhat

tenuous nature of the catalytically active hydrous oxide layer. A common feature of

these systems is a lack of any significant contribution to double-layer charging with

increasing hydrous layer thickness indicating that a distinct oxide–solution inter-

face is not present (Burke and Lyons 1986). In contrast, the electrocatalytic currents

associated with these films often increase with layer thickness (Doyle and Lyons

2013a, b; O’Sullivan and Burke 1990), reflecting an increased concentration of

active sites. As noted by O’Sullivan and Burke (1990), the behaviour of the open

polymeric network is probably not greatly different from that of its oxymetal

components. Thus, the hydrous oxide film may be regarded as surface bound

polynuclear species consisting of linked surfaquo groups arranged in a dispersed

three dimensional structure with each group being electrocatalytically active. Even

in the case of the largely anhydrous thermal oxides, surfaquo group coverage can be

considerable. Lyons and Burke (1987) have estimated that the fractional surfaquo

group coverage on RuO2 can reach as much as 30 %. Indeed, it has been noted that

the origin of the electrocatalytic properties of thermally prepared RuO2 films is not

to be sought in the intrinsic rutile structure of the oxide, rather the catalytic
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properties are more likely to originate from the state of surface atoms (Lodi

et al. 1978). In this way, the surfaquo group is a potentially unifying concept,

bringing together current understanding of the OER at various metal oxide catalysts

while providing a bridge with the allied field of water oxidation in homogeneous

catalytic systems via transition metal complexes.

While the direct spectroscopic determination of the structure and composition of

these anionic entities has not been achieved, a number of properties underpinning

the surfaquo group concept have been independently observed by other researchers.

Hydrated surface structures have also been implicated as the catalytic active sites

for the OER by the group of Nocera. These authors combined electrokinetic studies

with detailed spectroscopic analysis to provide a mechanistic picture of the OER at

several Co (Kanan and Nocera 2008; Surendranath et al. 2010; Kanan et al. 2010;

McAlpin et al 2010) Mn (Huynh et al. 2014) and Ni (Bediako et al. 2012, 2013)

based oxygen evolution catalysts. X-ray absorption spectroscopy (XAS) studies of

electrodeposited Co oxides showed that the catalyst films were composed of

molecular cobaltate clusters (MCC) consisting of edge-sharing CoO6 octahedra

(Kanan et al. 2010). Specifically, oxygen isotope studies suggested that solvent
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Fig. 2.17 Schematic representation of the mechanism for oxygen evolution at hydrous Fe oxides

in alkaline media. Note that octahedrally co-ordinated oxymetal surfaquo groups are identified as

the catalytically active species and are located throughout the hydrous layer. Deprotonation of

co-ordinated water is assumed to be facile at high pH and so the reaction is initiated at co-ordinated

hydroxide moieties. The inset shows the pH dependence of the OER onset potential and the

hydrous oxide redox potential A3 associated with an Fe(II)/Fe(III) transition. Adapted from Doyle

et al. (2013)
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exposed Co centres at the edges of these MCCs were the active sites for oxygen

evolution catalysis. Furthermore, X-ray absorption near-edge spectroscopy

(XANES) (Kanan et al. 2010) and EPR (McAlpin et al. 2010) studies indicated

that the resting state of the catalyst at potentials associated with active oxygen

evolution—the high surface coverage species in the terminology of Sect. 2.2—was

a mixed valent Co(III)/Co(IV) surface unit, as shown in Fig. 2.18. Similar octahe-

dral mixed valent catalytic resting states have been proposed for electrodeposited

Mn (Huynh et al. 2014) and Ni (Bediako et al. 2012) oxides as well as Ni–Fe mixed

oxides (Trotochaud et al. 2014). On this basis, the key steps in the OER at the Co

based catalysts involved the oxidation of hydroxylated surface Co(III)–OH units to

Co(IV)–O moieties followed by slow O2 evolution as part of a chemical rate-

determining step (Surendranath et al. 2010), in agreement with the experimentally

observed 60 mV dec�1 Tafel slope and reaction order mHþ ¼ �1.

The amorphisation of metal oxide surfaces has been observed by a number of

research groups. Implicit in the surfaquo group description of the oxide surface is

the presence of an amorphous oxide–solution interface irrespective of the crystal-

linity of the bulk oxide. In line with this, Lee et al. (2012) reported significant

changes in the surface structure of lithium ion battery materials during oxygen

evolution. Transmission electron microscopy (TEM) showed that the crystalline

surface structure of LiCoPO4 materials became progressively more amorphous with

potential cycling under oxygen evolution conditions. At neutral pH, these structural

changes correlated with a significant increase in OER current density. Using energy

dispersive X-ray (EDX) spectroscopy coupled with scanning TEM it was found that

the change in surface structure with potential cycling was accompanied by phos-

phorous leaching from the layer. In particular, the amorphous surface structure of

the activated LiCoPO4 was compositionally similar to that of the CoPi film,

suggesting the increased activity could be attributed to the formation of hydrated

molecular scale domains at the oxide–solution interface. Similar structural changes

have also been observed for perovskite oxide catalysts. May et al. (2012) showed

that a series of high activity perovskites such as BSCF and SrCo0.8Fe0.2O3�δ can

quickly undergo amorphisation of their surface at OER potentials. These structural

changes were also accompanied by reduced surface concentrations of Ba2+ and Sr2+

ions as well as increased OER current densities. Interestingly, perovskites with

Fig. 2.18 Reaction pathway for the OER at CoPi films. A proton coupled electron transfer

equilibrium is followed by a rate-determining O–O bond forming step. The structure of the

MCC is shown on the left. Curved lines denote phosphate, OHx or terminal bridging ligands.

Adapted from Surendranath and Nocera (2012)
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lower activities did not undergo similar structural changes, indicating that these

amorphous surface structures play an important role in the catalytic activity of these

oxides.

Certainly, knowledge of the chemical and structural properties of the surface

oxide phase is important for a complete description of OER catalysis. As a whole,

these studies highlight how restructuring of the oxide surface during the OER can

lead to active chemistry which is significantly different from the bulk material.

Understanding how these changes impact the OER activity is critical for the design

of new and improved catalysts. In this regard, the surfaquo group concept offers a

molecular like understanding of the activity of oxide catalysts; the amphoteric

character of the anodic oxides implies that it is more realistic to view the OER

active sites in terms of anionic surface complexes with molecular properties rather

than the traditional viewpoint of stoichiometric units of the bulk oxide material.

Within this framework catalyst design principles such as the hydrogen acceptor and

partial-charge transfer models may be productively understood along the lines of

well-established molecular concepts, such as intramolecular hydrogen bonding and

electron withdrawing groups. Insights such as these, bridging the fields of homo-

geneous and heterogeneous OER catalysis, hold the key to further advancement in

the mechanistic understanding of the OER and a more intuitive design of enhanced

oxygen evolution catalysts.

2.6 Conclusion

The OER is a critical obstacle to the widespread development of a solar to fuel

energy conversion infrastructure. Optimising the kinetics of the OER is crucial if

the commercial potential of promising water-splitting technologies for the genera-

tion of hydrogen as a renewable fuel are to be maximised. Accordingly, the

development of efficient, abundant, and inexpensive oxygen evolution catalysts is

essential and the formulation of a function led design strategy would have a broad

impact on renewable energy research.

The central challenge for oxygen evolution research is understanding the mech-

anistic details and structural motifs required for efficient catalysis. Catalyst design

requires knowledge not only of the intrinsic activity of the catalytic material but

also the structure and stability of the oxide surface. Significant breakthroughs will

come only from an open-minded multidisciplinary approach. The OER remains a

fundamental challenge for electrochemistry and a thorough electrokinetic analysis

should underpin any mechanistic study of the OER. From this platform, a combined

theoretical and spectroscopic study can provide vital insight into the reactive

structures. Theoretical calculations have contributed significantly to our under-

standing of reactivity at well-defined oxides and will continue to be an important

tool. But the active oxides are not well-defined, undergoing dynamic structural

changes, and direct spectroscopic analysis of the reactive surface is currently

lacking. In this respect it is envisaged that ongoing improvements in in-situ
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spectroscopic techniques will be a major source of advancement in the understand-

ing of structure–function relationships.

Ultimately, uncovering the structural and chemical features of the active site is

the key to revealing oxygen evolution catalyst design principles. Throughout this

chapter the discussion has signposted a move towards a microscopic consideration

of catalyst activity in terms of the atomic or molecular scale properties of the layer.

Certainly there is an emerging opinion that future developments in the study of the

OER will come from the integration of the allied fields of heterogeneous surface

and homogeneous molecular catalysis. Indeed, it seems that the molecular chem-

istry of the oxide–solution interface—the surfaquo group?—determines the chem-

istry of the oxygen evolution catalyst.
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