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 Abstract  

The rapid growth of economy brings about serious environmental and resources problems, 

which force human search for more efficient and environmental benign technologies for energy 

conversion. Among the various technologies, fuel cells and soar energy are most attractive. 

The wide application of the clean energy technologies heavily relies on the efficiency 

electrocatalytic reactions involved. However, the sluggish kinetics of oxygen electrocatalys is, 

including oxygen evolution reaction (OER) and oxygen reduction reaction (ORR), seriously 

limits the efficiency of the clean energy technologies.  

The kinetics can’t satisfy practical requirements even on the best catalysts of oxygen 

electrocatalysis, making them highly irreversible reactions. What’s worse, the best catalysts 

are mainly consist of precious materials and their long-term stability is far below practical 

requirements, such as RuO2 and IrO2 in OER, Pt and Pd in ORR. On the other hand, earth 

abundant elements such as Fe, Co, Ni are more stable in oxygen electrocatalysis, but their 

activity is much lower than the precious catalysts. Therefore, detailed elementary processes in 

oxygen electrocatalysis and their origin should be identified so that one can rationally design 

new catalysts to fulfill the critical requirements from activity, stability and cost.  

A number of important reactions such as the oxygen evolution reaction (OER) are catalyzed 

by transition metal oxides (TMOs), whereas surface reactivity of which is rather elusive. 

Therefore, rationally tailoring adsorption energy of intermediates on TMOs to achieve 

desirable catalytic performances still remains a great challenge. My first research work is the 

identification of a general and tunable surface structure, coordinatively unsaturated metal 

cation (MCUS), as a good surface reactivity descriptor for TMOs in OER. Surface reactivity of 

a given TMO increases monotonically with the density of MCUS, thus increase in MCUS 

improves the catalytic activity for weak-binding TMOs but impairs that for strong-binding ones.  
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Then, I continued to identify the fundamental relations for catalyst design. The most 

challenging but critical research in the field of catalysis is to identify the rate determining step 

and associated with elementary thermodynamic origin. However, sophistication of electrified 

liquid/solid interface and complexity of catalyst’s structure and composition make it incredib ly 

difficult to derive the surface thermodynamics. Here for the first time, we developed a new 

kinetic model to give a quantitative description of the electrochemical kinetics of oxygen 

electrocatalysis with elementary surface thermodynamics. Based on the distinctive features in 

the kinetics for different surface thermodynamics, a straightforward methodology is developed 

to identify surface thermodynamics from simple electrochemical tests. Our results show that 

the mechanistic information derived from one reaction is a critical complement to the other, 

whereas individual study of either reaction could only provide incomplete mechanist ic 

information. The predictive power of our method in developing better catalysts was 

successfully demonstrated on α-MnO2. 

Based on our model, we further answered several questions in oxygen electrocatalysis. For 

example, what’s the origin of the inconsistence between exchange current density with overall 

catalytic activity? Exchange current density has been used to represent activity in hydrogen 

electrocatalysis. However, in oxygen electrocatalysis, exchange current density usually does 

not correlate with catalytic activity. Through comparison with kinetic behaviour of hydrogen 

electrocatalysis we prove that kinetics of oxygen electrocatalysis and other highly irreversib le 

reactions are predominantly dependent on Tafel slope, instead of exchange current density. 

Low Tafel slope of good catalysts originates from the collective contribution from RDS and 

pre-adsorbed intermediates prior to RDS, which also causes orders decrease in exchange 

current density predicted from Tafel plots.  
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Chapter 1. Introduction  

1.1 Background 

1.1.1 Background of clean and sustainable energy conversion technologies 

Energy is the basis for human activities. In nature, the energy of our planet mainly comes 

from the solar energy, which can be harvested and stored in chemical bonds through 

photosynthesis. The energy carrier includes foods and fossil fuels. The processes utilization of 

the energy stored in the energy carriers usually include respiration and combustion. Human use 

combustion to get the energy needed for many activities such as industry and transportation. 

However, only certain kinds of fuels are suitable for industry and transportation. Among many 

kinds of energy carriers, hydrogen (H2) is most preferable due to its cleanness and low 

activation barrier in utilization1. H2 can be produced from water splitting when coupled to solar 

panels. The only waste of H2 utilization is water.  To get such kinds of fuels, researchers 

proposed artificial photosynthesis to convert solar energy into chemical energy. Natural energy 

storage processes-photosynthesis can be mimicked as artificial photosynthesis where the main 

products are fuels and O2. Human activity need the energy stored in chemical bonds such as 

sugar or fuels. 

2 H2O +  4.92 eV ⇄  2 H2  +  O2       (1-1) 

The energy and environment conditions of our planet changes significantly since industr ia l 

revolution. The continues and vast consumption of fossil fuels not only result in energy crisis 

in the near future, but also bring about serious environmental problems such as air pollut ion 

and climate change. These increasingly serious challenges from energy and environment force 

human to search for sustainable solutions to save the planet and human themselves.  
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Figure 1-1. Diagram of energy conversion in nature and human activities. Energy storage and 

emission are reverse processes. Same species are involved in the conversion.  

For example, utilization of clean and sustainable energies such as solar and wind energy, the 

storage of the intermittent energy usually coupled with water electrolysis. Besides, people 

should also reduce the waste emission from the combustion of fossil fuels. To accomplish this 

perspective, researchers designed various fuel cells. Irrespective of water electrolysis to store 

solar energy or convert chemical energy into electricity, oxygen electrocatalysis plays a central 

role because of large overpotential is responsible for the main efficiency loss.  

1.1.2 Basic knowledge and history of catalysis  

Catalysis is a fundamental technology that deeply influences the development of human 

society. For example, ammonia synthesis from its elements (H2 and N2) using Haber-Bosch 

process provides enough sources of fertilizers for food production, which directly supports 

population increase. Many clean and efficient chemical processes are strongly dependent on 

the catalytic reactions take place in specially designed reactors. As the increase in economics 

and human population, more and more clean and efficient catalytic processes are proposed to 
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replace conventional processes that usually cost too much resources, energy or generates 

serious pollution.  

Efficient catalysis could make the chemical reactions that usually is kinetically slow or 

unselective happen in a faster reaction rate and through desired pathway. As illustrated in 

Figure 1-2, the increased reaction rate in catalytic reaction originates from reduced activation 

energy, which is caused by the interaction between catalyst surface with the intermedia tes 

involved in the reaction. The interaction is also referred as activation. Many reactions need 

extreme conditions because of high activation energy of reactants. For example, the activation 

of N2 is rate determining step in ammonia synthesis2 and activation of O2 is rate determining 

step in combustion3. 

 

Figure 1-2. Schematic illustration of activation energy difference between catalytic reaction 

and un-catalytic reaction. The catalytic reaction pathway has lower activation energy, ΔG‡, 

because of a new surface bonded intermediate created by catalyst surface. Therefore, the 

mechanism of catalytic reaction is different from that of un-catalytic reaction. Usually, the 

elementary steps involved in catalytic pathway should be more than that of un-catalyt ic 

pathway. 

The beginning of intended catalysis by human could date back to as early as the 19 th century. 

Interestingly, the first catalytic reaction involves the activation of H2 and O2 by platinum (Pt), 
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which was developed as a portable lighter source by Dobereiner in 18234. Many catalytic 

processes had been developed in the period of 1860-1912. The most notable achievements 

include ammonia synthesis by Haber (Nobel prize 1918), the relation between catalytic activity 

with adsorbate-surface interaction by Sabatier (Nobel prize 1912), and adsorption princip les 

on surface by Langmuir (Nobel prize 1932). Since 1960s, many surface science techniques are 

available to probe surface structure and interaction in molecular or atomic level. This makes 

surface science and chemistry a new subject which attracts lots of researchers. The 

development of surface science and surface chemistry greatly promotes the understanding of 

catalysis. Moreover, the development of accurate density functional theory (DFT) calculat ion 

since 1990 enable detailed study of surface interaction and exploration of reaction pathways 5 . 

Nowadays, most insightful research in catalysis combines surface chemistry techniques and 

DFT to reveal reaction mechanisms. The above pioneering set solid foundation for the rational 

design or development of better catalysts. 

1.2 Oxygen electrocatalysis 

The importance of oxygen electrocatalysis originates from its much slower kinetics 

compared to its counterpart half reactions in energy conversion devices6. Specifically, OER is 

the limiting half reaction in many energy storage devices such as water splitting and 

rechargeable metal air batteries, while ORR is the determining half reaction in various kinds 

of fuel cells. The comparison of the kinetics of oxygen electrocatalysis with hydrogen 

electrocatalysis is visualized in Figure 1-3. Although oxygen electrocatalysis has been 

extensively studied for over a half century, many problems with reaction mechanisms still 

remain elusive. The design or development of efficient oxygen electrocatalysts is seriously 

hindered by the weak understanding of the detailed processes involved in the catalytic reactions. 

Experimental screening of catalysts has been completed decades ago. Unfortunately, as most 

cases in catalysis, good catalysts for oxygen electrocatalysis are usually composed of precious 
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and scarce elements such as Ru, Ir, Pt and Pd. Even the precious catalysts catalyse the oxygen 

electrocatalysis with a substantial overpotential, which severely reduces the theoretica l 

efficiency that could be achieved. What’s worse, the long-term durability of these catalysts is 

far less satisfy technical demands. Therefore, a further step to develop better catalysts to meet 

for practical demands is urgently needed. The success of this perspective is heavily dependent 

on the understanding of elementary steps involved in oxygen electrocatalysis. 
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Figure 1-3. Comparison of kinetics of oxygen and hydrogen electrocatalysis. The kinetics of 

hydrogen electrocatalysis (hydrogen evolution (HER) and oxidation reaction (HOR)) on noble 

metals such as Pt is very fast that approaches reversible. Therefore, the overpotential of HER 

and HOR is usually very low (less than 100 mV) on good catalysts. However, for oxygen 

electrocatalysis, the at least 300 mV overpotential is needed to drive the reaction with a 

significant rate even on the state of the art catalysts. 

However, electrocatalysis is a relatively immature subject whose development greatly 

benefits from other subjects. For example, without the surface science techniques and single 

crystals preparation techniques the surface chemistry of electrocatalysis can’t be understood. 
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Since the catalysts are usually buried in liquid electrolytes, the study of electrocatalys is 

becomes more difficult than heteoregeneous catalysis that takes places at solid-gas interfaces. 

Many surface science techniques that involve the scattering, absorption or emission of electrons, 

atoms, and ions can’t be used in electrocatalysis occurs at electrified solid-liquid interfaces.  

1.2.1 Oxygen evolution reaction (OER) 

OER is a critical half reaction that is widely involved in energy storage reactions such as 

solar water splitting, metal air batteries and CO2 electrochemical reduction7. Solar water 

splitting is a very promising strategy for large scale production of high purity H2, an ideal clean 

energy carrier which could be used in fuel cells for vehicles. Nowadays, 95% of the H2 

produced in the United States is made by natural gas reforming in large central plants 4 . 

However, natural gas reforming not only bring about large amount of CO2 emmision, the H2 

production from this technology also suffers from the subsequent difficult gas purifica t ion 

process, which requires eliminating carbon monoxide (CO) to an extremely low level as only 

trace amount of CO could poison fuel cell anode catalysts. Due to its high irreversibility, OER 

always behaves as limiting reaction in the overall reactions. 

The overall reaction of OER in alkaline solution is: 

4 OH−  →  O2  +  2 H2O +  4 𝑒−      (1-2) 
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Figure 1-4. Activity volcano plot OER8,9. Inset figure Schematic illustrations of anion-

exchange membrane electrolyzer used with alkaline electrolytes10. 

1.2.2 Oxygen reduction reaction (ORR) 

Fuel cells that involve ORR electrocatalysis as cathodic reaction is one of the most effic ient 

artificial way in the combustion of fuels. Due to its wide availability and environmenta l 

compatibility, O2 has been choose as the ideal oxidant in fuel cells. The chemical energy stored 

in chemical bonds is directly converted into electricity at relatively low temperature compared 

to traditional combustion in internal combustion engine (ICE). Therefore, it is usually termed 

as “cold combustion” to distinguish from the combustion takes place in ICE. The low 

temperature reaction avoids the many toxic waste production such as NOx, CO and particula tes 

that released from ICE. Moreover, the energy conversion efficiency could be achieved by fuel 

cells is much higher than that by state-of-the-art ICE as no intermediate step of heat-mechanica l 

work transfer involved in fuel cells. The efficiency of fuel cells thus is not limited by Carnot 

efficiency. Therefore, ORR is widely used as cathodic half reaction in many energy conversion 

technologies, ranging from various kinds of fuel cells to metal-air batteries. Moreover, chlor-
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alkali industry is also developing oxygen cathodes to replace HER to save energy and avoid 

the subsequent treatment of H2 produced in current technologies11.  

The overall reaction of ORR in alkaline solution is: 

O2  + 2 H2O +  4 𝑒−  →   4 OH−      (3) 
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Figure 1-5. Trends in ORR activity of transition metals plotted as a function of the oxygen 

binding energy12. The most active catalyst predicted from the volcano plot is Pt, a precious 

metal. Inset figure schematically illustrates fuel cell used with alkaline electrolytes10. 

A key elementary step in ORR is the O2 activation. Since the oxygen atoms are bonded by a 

double bond with a relatively strong bond energy (498 kJ/mol)13, O2 could stably exist in nature 

although oxygen atom is very reactive oxidant. The double bond in O2 means that suitable ORR 

catalysts should be easily activate O2, which requires surface reactivity high enough. 

To have an overview of ORR activity of common materials, we present here the classical 

activity volcano plot of ORR. The transition metals that fall on the left line of the volcano plot 
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means their surface reactivity is too high for ORR. The activity is limited by the OH* 

desorption to generate final product H2O. As Pt and Pd all belong this category, their catalytic 

activity could be, in principle, improved by reducing their surface reactivity slightly. This 

strategy has been proved a significant success, which will be discussed in section 1.3.3.  

1.3 Closely related disciplines 

The history of electrocatalysis is about 60 years14. Impressive progress has been achieved in 

this field. But the development of electrocatalysis intimately connected to many disciplines. In 

this section I’ll briefly describe the closely related disciplines which influences greatly in my 

following research work. 

1.3.1 Surface chemistry 

Surface chemistry deals with the physical and chemical phenomena occurs at the interfaces  

at two phases and the influence of surface structure, composition and chemical state on various 

properties. The development of surface chemistry, especially after the emerging of modern 

surface science techniques from 1960s, greatly promotes the understanding of catalysis15. Here, 

we mostly concern the interfaces of solid-gas and solid-liquid and briefly present the basic 

concepts and characterization techniques that will be frequently used in the thesis. 

Surface structure. One of the most notable characters of surface is that the atoms at surfaces 

have a different bonding environment. Specifically, the coordination number of the surface 

atoms is lower than the atoms in the bulk. The unsaturated valence of the surface atoms results 

in very different chemical reactivity from bulk atoms. Usually, undercoordinated atoms tend 

to bind adsorbates stronger and the bonding strength increases with the decrease in coordination 

number. Different crystal faces feature different chemical reactivity and thus different catalytic 

activity16,17. Identifying the relationship between surface structure, both in geometrical and 
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electronic structure, with chemical reactivity to adsorbates is a critical theme in the field of 

surface chemistry, heterogeneous catalysis, electrocatalysis, etc.  

 

Figure 1-6. Unreconstructed surface of fcc crystal surface. Reproduced from ref4.  

Adsorption. The adsorption of adsorbates on surfaces can be classified into physisorpt ion 

and chemisorption according to the difference in adsorption energy. Physisorption is mostly 

contributed by van der Waals interaction. Hence, the adsorption energy of physisorption is 

relatively low. Whereas, chemisorption involves chemical bond formation between surface 

with adsorbates and thus the adsorption energy is relatively high. The chemical bond between 

surface with adsorbates is critical as it determines the bond breaking and formation in catalytic 

cycle. The adsorption energy of an adsorbate may change as the coverage of the adsorbate 

changes due to the interaction of adsorbate-adsorbate and adsorbate-surface18,19. The 

adsorption energy for some gases can be evaluated by temperature programmed desorption 
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(TPD). Conventionally, scientists use heat of adsorption (∆𝐻ads) to express adsorption energy. 

The surface coverage of adsorbates is determined by the following equation4: 

      𝜃 =  𝐹𝜏0 exp (
∆𝐻ads

𝑅𝑇
)                (1-2) 

Where F is the gas flux, 𝜏0  is correlated with the surface vibration times, T is temperature, 

R is gas constant. According to its definition, the higher ∆𝐻ads, the stronger adsorption and the 

higher surface coverage of adsorbates. Equation (1-2) is very useful in evaluating the surface 

reactivity of a catalyst as adsorption energy for many cases can’t be directly measured. On the 

other hand, the coverages of adsorbates could be detected many techniques. 

Surface reactivity. Surface reactivity is the most critical property that determines the 

adsorption energy of adsorbates to surfaces, which finally determines catalytic activity. 

Sabatier principle can be formulated with regard to surface reactivity: the best catalyst should 

have optimal surface reactivity for a particular reaction, adsorption of reactants is difficult for 

a catalyst with relative low surface reactivity, whereas desorption becomes difficult for 

catalysts with relatively too high surface reactivity.  
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Figure 1-7. Comparison of DFT-based oxygen chemisorption energies with experimenta l 

values, and model estimates of the bond strengths for the various close-packed transition and 

noble metal surfaces. Data represented by open circles were determined by using the Newns–

Anderson model. The experimental values are from Toyoshima and Somorjai. (Bottom) The 

calculated adsorption energies correlate well with the d band center. Reproduced from ref20. 

Although surface reactivity is a very useful concept, it is not easily tuned. So far, the 

difficulty in controlling and measuring surface reactivity badly limits the rational catalyst 

design. In many cases, the surface reactivity of catalysts can be indirectly evaluated by the 

adsorption energy of probing molecules. Because of such importance, many research focuses 

on the accurate assessment, calculation and the origin of surface reactivity.s 
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Temperature programmed desorption/reaction (TPD/R). As the adsorption energy or 

surface reactivity is so important to catalysis, the measurement or evaluation of such property 

for catalysts becomes one of the fundamental characterization. Due to its simple 

instrumentation and operation, temperature programmed desorption/reaction becomes one of 

most widely used fundamental techniques. As the bond strength of adsorbates on surfaces 

determines the temperature of desorption and coverage of adsorbates, surface reactivity 

information could be resolved from TPD spectra by analyzing temperature and the amount of  

adsorbates4.   

0 200 400 600 800

 TiO
2
 H-700 TPO

C
o

n
s

u
m

p
ti

o
n

 o
f 

O
2
 (

a
. 

u
.)

Temperature (
o

C)
0 100 200 300 400

 TiO
2

 TiO
2
 H-600

 TiO
2
 H-700

D
e

s
o

rp
ti

o
n

 o
f 

O
2
 (

a
. 

u
.)

Temperature (
o

C)

[Ti
CUS

]

TiO
2
 H-700 A-500

A-700

a                                                                             b

c                                                                            d

 

Figure 1-8. Surface reactivity of TiO2 with varying density of surface TiCUS. (a) O2 TPD spectra 

for TiO2 with varying density of surface TiCUS. (b) TPO spectrum of TiO2 H-700. Insets show 

the color of original TiO2 H-700, after calcination at 500 °C and 700 °C in air for 1 h, 

respectively. The ramping temperature of both TPD and TPO is 20 oC/min. The samples are 

named with treatment environment and temperature. Specifically, A and H represent the 

samples annealed in air and 5% H2/Ar, respectively, and numbers are the treatment temperature.  

Reproduced from ref21.  
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1.3.2 Heterogeneous catalysis 

Heterogeneous catalysis is a subject that affects human society deeply as it makes it possible 

to produce large amounts of desired products in economic way. About 85-90% of all chemica l 

processes are catalyzed by different kinds of catalysts. Among different kinds of catalysts, 

heterogeneous catalysis amounts to 80-85%22. For example, the development of Fe-based 

catalysts for Haber-Bosh process make it possible to synthesize ammonia in a large scale. 

Ammonia could be used to produce fertilizers and explosives. Therefore, the catalyst not only 

directly contributed to the growth of human population by greatly promoting the production of 

foods, but also “contributed” to wars by providing more powerful weapons. Heterogeneous 

catalysis itself is already an interdisciplinary field that requires cooperation of experts from 

different subjects such as solid-state chemistry and physics, materials science, surface science, 

theoretical chemistry and chemical reaction engineering.  

 

Figure 1-9. The principle of heterogeneous catalysis. Reproduced from ref23. 

The development of electrocatalysis benefits greatly from that of heterogeneous catalysis. 

Many theories, concepts, methods and technologies formulated in heterogeneous catalysis 

could be introduced to electrocatalysis and has been proved to be helpful in the development 
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of this relatively immature discipline. Here we specially discuss some basic concepts in 

heterogeneous catalysis because it is a relatively mature field that closely related with 

electrocatalysis. 

Sabatier principle. Sabatier principle is one of the most important principle in 

heterogeneous catalysis. It provides a basic criterion for identifying optimal catalysts, which 

should bind to intermediates neither too strong, nor too weak. An optimal adsorption energy is 

required for highest activity. As illustrated in Scheme 1-1, the activity of a catalyst that binds 

intermediates too weakly is limited by the activation of reactants, whereas activity of a catalyst 

that binds to intermediates too strongly is limited by the desorption of products. As Sabatier 

principle gives a conceptual description of catalytic activity based on adsorption property, it is 

also called activity map or activity descriptor.  

 

Scheme 1-1. Schematic representation of the qualitative Sabatier principle. Reproduced 

from ref24. 

The theory qualitatively rationalizes activity trends for most reactions and serves as a basic 

guidance in catalyst design until today. However, it does not specialize which quantity could 

be used for describing activity trends in a certain reaction as multip le intermediates may be 

involved. Moreover, bond strength of many intermediates in most reactions can’t be measured 

experimentally, at least at early years of research. Therefore, even for the most intensive ly 
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studied reactions such as ammonia synthesis, quantitative activity volcano plots have only been 

developed recently, after the work by several generation of scientists.    

 

Figure 1-10. Activity volcano plots for ammonia synthesis using different parameters as 

descriptor. (a) Volcano plot for the ammonia synthesis reaction over K-promoted transition-

metal catalysts at 523 K and 0.8 bar using oxide heat of formation as a bond strength descriptor. 

(b) Volcano plot of the same rates with the nitrogen adsorption energy at stepped metal surfaces 

as determined by DFT calculations using the RPBE functional as a descriptor. Reproduced 

from ref24. 

The activity trends could be described by more than one descriptors, which should in 

principle correlate with the bond strength between catalyst surface with intermediates. For 

example, as shown in Fig. 1-10, the catalytic activity of metals in ammonia synthesis can be 

well described by oxide formation energy and nitrogen adsorption energy. As direct 

information of adsorption energy of intermediates in early studies is not available, scientists at 

that time usually use bulk properties to correlate activity trends25. Such descriptors give rise to 

a volcano shaped activity trend, which could rationalize Sabatier principle. However, such 

kinds of descriptors can’t provide insights into reaction mechanisms and have been gradually 

replaced by better and more direct descriptors such as first principle calculated adsorption 

energy.  



17 
 

Active sites and turnover frequency (TOF)26. Active site hypothesis provides a very good 

method in analyzing complex catalysts as not all sites directly contribute to the catalytic cycle. 

The concept originates from the biology where biologists use it analyze enzyme catalysis. It 

provides insights into the reaction mechanism and predicts how to control the overall activity 

of a catalyst. However, identifying the active sites is not an easy task as it usually requires the 

combination of different technologies such as in-situ methods27-30. For example, Fe and Ru 

based catalysts were identified as best catalysts for ammonia synthesis by Haber and Bosch at 

the early years of 20th century31,32, but the active site (edge of Ru nanocrystals) was 

conclusively identified until 21st century by combining latest surface science techniques, 

theoretical simulation and kinetic study2. TOF is defined as the number of revolution of 

catalytic cycles per unit time. Compared with normal parameters in assessing catalytic activity, 

TOF is more a direct parameter that reflects intrinsic activity of a catalyst. Calculation of TOF 

requires quantification of active sites, which is very difficult. Many reports use different 

approaches to approximate the number of active sites and make the comparison seems arbitrary. 

Based on my knowledge, active site and TOF could rationalize many experimental phenomena 

for the catalysts that composed of distinct sites that have very different chemical property. The 

catalytic cycle only take place at a certain kind of sites. But for catalysts that carry out the 

overall reaction by the cooperation of different sites, the hypothesis no longer applies.  
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Figure 1-11. Identification and quantification of edge active sites of Ru/MgO catalyst for 

ammonia synthesis. (A) TEM image of a supported Ru particle with a step. (B) Particle size 

distribution function obtained from the TEM experiments. d, diameter. (C) A typical calculated 

Ru particle, with an average diameter of 2.9 nm. Atoms that belong to active B5 sites are shown 

in red. (D) Density of active sites as a function of particle diameter, as calculated through 

analysis of the atomistic Wulff construction. Reproduced from ref2.  

Rate determining step (RDS). A catalytic cycle is usually composed of several elementary 

steps which have distinct kinetic barrier or activation energy. Among the elementary steps, 

usually only one of them limits the overall reaction rate. The step is called rater determining 

step (RDS). RDS is a very useful concept in catalysis research as it greatly reduced the 

difficulty in describing kinetics. Moreover, RDS really provides deep insights into reaction 

mechanism and thus could be used to predict how to improve catalytic activity or design better 
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catalysts. Since catalytic processes are generally complicated, the simplification by RDS could 

help researchers concentrate on the bottleneck step, which is effective in tuning overall 

catalytic activity. For example, it has been identified that RDS in ammonia synthesis is N2 

activation due to the strong triple bond in the molecule4. Therefore, a good catalyst should be 

able to break the initial bond in N2 molecule but also not bind to nitrogen atom too strongly 

according to Sabatier principle.  

 

 

Figure 1-12. The DFT calculated potential energy (Etot) diagram for NH3 synthesis from N2 

and H2 over close-packed (001) and stepped Ru surfaces. Reproduced from ref33. 

Therefore, a good catalyst should be able to break the initial bond in N2 molecule, meanwhile 

it also not binds to nitrogen atom too strongly according to Sabatier principle. Individua lly 

tuning the energy barrier of each step is impossible because of scaling relationship. Working 

on all the steps to optimize kinetics is difficult. 



20 
 

1.3.3 Electrochemistry and electrocatalysis 

Electrochemistry itself is a very disciplinary subject. Typically, the investigated region is the 

solid-liquid interfaces. One side of the interfaces is electronic conductor called electrode, 

usually in solid phase, while the other side is ionic conductor called electrolyte, typically in 

liquid phase. Sometimes solid electrolytes are preferred in application such as solid oxide fuel 

cells (SOFC). The overall reaction in electrochemistry is divided into two half reactions that 

take place at anodes and cathodes respectively. But the two half reactions take place 

simultaneously at the identical rate (in current). Therefore, the charge passed in every part of 

the circuit should be identical.  

 

Figure 1-13. Energetics and kinetics of a thermal and an electrochemical reaction. 

Reproduced from ref34. 

In heterogeneous catalysis, the reactants meet at catalyst surface where old bond breaks and 

new bond forms. Different from heterogeneous catalysis, the reactants in electrocatalysis do 

not meet at a same catalyst surface. And hence the products generated from different electrodes 
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could be easily separated, which is an inherent advantage of electrocatalysis compared to 

heterogeneous catalysis. In electrocatalysis, membranes are widely used to separate reactants 

and products. For example, in polymer electrolyte membrane (PEM) water electrolyzer high 

purity H2 is directly collected from cathodes. The mix of reactants is very dangerous. Another 

significant difference between the two category reactions is the driving force. Temperate and 

concentration in heterogeneous catalysis used in heterogeneous catalysis to control reaction 

rate, whereas applied potential in electrocatalysis is used to control reaction rate. Moreover, 

the reaction rate of heterogeneous catalysis could only be measured by detecting the 

concentration of reactants and products. The reaction rate of electrocatalysis, however, could 

be easily evaluated by current at any time providing the Faradaic efficiency is constant. The 

sensitivity in measuring reaction rate in electrocatalysis is higher in electrocatalysis. And also 

because electrocatalysis controls potential to get current or control current to measure potential, 

the electrode materials should be electronic conductive. Therefore, isolators such as SiO2 in 

electrocatalysis can’t be used but widely employed in heterogeneous catalysis.  

1.3.4 Theoretical simulation 

Thanks to the rapid development of computation technologies and theories, the theoretical 

simulation could be used to interpret and sometimes predicts experimental trends. Since 

theoretical simulation could get thermodynamic information straightforwardly, many 

conceptual theories are formulated to give valuable instruction of research.  

The d-band model developed by Hammer and Norskov (20, 21) has proven particula r ly 

useful in understanding bond formation and trends in reactivity among the transition metals. 

The d-band model is an approximate description of the bond formation at a transition-meta l 

surface, as illustrated in Fig. 1-14. It describes the interaction between adsorbate valence states 

and the s and d states of a transition-metal surface. Coupling to the itinerant s states gives rise 

to a shift and broadening of the adsorbate states, but this contributes to a first approximation 
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equal to the bond energy for all transition metals (they all have half-filled, very broad s bands). 

The differences between transition metals are due to the formation of bonding and antibonding 

states between the (renormalized) valence states and the metal d states. The strength of the 

bond is given by the filling of the antibonding states but, unlike gas-phase chemistry, where 

this is determined by the number of electrons in the system, at a metal surface the filling is 

given by the energy of the antibonding states relative to the Fermi level. Because the 

antibonding states are always above the d states, the energy of the d states (the center of the d 

states) relative to the Fermi level is a good first indicator of the bond strength. The higher the 

d states are in energy relative to the Fermi level, the higher in energy the antibonding states are 

and the stronger the bond. 

 

Figure 1-14. Bond formation at a transition-metal surface. Schematic illustration of the 

formation of a chemical bond between an adsorbate valence level and the s and d states of a 

transition-metal surface. The bond is characterized by the degree to which the antibonding state 

between the adsorbate state and the metal d states is occupied. The higher the d states are in 

energy relative to the Fermi level, the more empty the antibonding states and the stronger the 

adsorption bond. DOS, density of states. Reproduced from ref35. 
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1.4 Rational catalyst design 

The rapid development of economics and human society urgently require rational catalyst 

design principles so as to meet for the demands of human activities. Traditional trail-and-error 

strategy in developing catalysts is not afforded to face the serious challenges from energy and 

environment. Rational catalyst design provide an efficient way to develop practical catalysts to 

satisfy the requirements of industries. However, rational catalyst design is a highly knowledge -

intensive activity which could only be performed by very expert scientists. Here, we present 

some examples in rational catalyst design to highlight the philosophy used in the excellent 

research. Inspiring strategies can be learned from these classical examples in catalyst design. 

1.4.1 Design of a steam reforming catalyst with slow graphite formation 

Besenbacher et al designed a Au-Ni surface alloy catalyst for steam reforming to reduce the 

graphite formation by reducing surface reactivity36. The authors firstly identified that the main 

problem in Ni catalyst deactivation is Ni catalysed graphite formation, which blocks the 

catalytic sites. Graphite formation is caused by the strong bonding between carbon atoms with 

surface Ni atoms. To reduce the poison, the surface reactivity of Ni should be reduced. The 

authors proposed introducing Au atoms on Ni surface may possibly reduce surface reactivity 

and thus improve the resistance to graphite formation. This prediction was well proved on 

model catalysts both on experimental and DFT calculation as shown in Figure 1-3-1. The 

methods employed in the work is not so complicated but very convincing as direct evidences 

are provided for their arguments. Another interesting data is that they examine graphite 

formation not directly in natural gas steam reforming. Instead, they tested the catalysts’ stability 

in n-butane reforming because n-butane gives rise to the most severe graphite formation 

problems. The success of this Au-Ni catalyst design benefits from the solid understanding of 

the key elementary reaction that give rise to main problem. Based on this critical knowledge, 
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they specially designed strategies to change the thermodynamic origin of the key elementary 

reaction and finally solved the main problem.  

 

Figure 1-15. Two STM images of a Ni(111) surface with 2% (A) and 7% (B) of a monolayer 

of Au. The Au atoms appear black in the images. C, The measured dissociation probabilitys(θ Au) 

for CH4 on Ni(111) as a function of the Au coverage θAu. D, The calculated adsorption energy 

of a C atom on a Ni(111) surface as a function of position along the surface. Reproduced from 

ref36. 

1.4.2 Design of efficient electrocatalysts for HER/HOR in alkaline media  

It is widely known that Pt is a very active catalyst in HER. The activity is so high that the 

reaction in acid electrolytes almost approach reversibility. Therefore, very few catalysts can be 

found with a higher activity than Pt. However, the HER activity of Pt in alkaline media is ~2 

to 3 orders of magnitude lower than that in acid solution. The low activity seriously impedes 

the development of alkali-water splitting technologies to produce high purity H2 for fuel cells 

and also chlor-alkali electrolyzers. Markovic et al37 suggest that, in alkaline media, the 

adsorption and recombination of the reactive hydrogen intermediates (Had) are no longer RDS. 

Instead, the prior step of water dissociation should be RDS for Pt and Pt-group metals. To 

reduce the barrier of RDS, the authors deposited Ni(OH)2 clusters on Pt surfaces to promote 
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water dissociation. The designed Ni(OH)2/Pt shows much better activity than bard Pt surface. 

Moreover, the activity of Ni(OH)2/Pt approaches that of Pt in acid media, which conclusive ly 

supports their fundamental understanding. This catalyst design has been accepted by research 

community as a new design principle.  

 

Figure 1-16. Schematic representation of water dissociation, formation of M-Had intermedia tes, 

and subsequent recombination of two Had atoms to form H2 (magenta arrow) as well as OH– 

desorption from the Ni(OH)2 domains (red arrows) followed by adsorption of another water 

molecule on the same site (blue arrows). Reproduced from ref 38. 

1.4.3 Rational design of Pt alloys for ORR guided by d-band theory  

Perhaps one biggest success of rational catalyst design in ORR recently is the developme nt 

of Pt skin alloys guided by d-band theory. As discussed in section 1.2.4, d-band theory provide 

an excellent description of surface reactivity of transition metals. It not only rationalizes 

experimental trends very well, but also successfully predicted the development of better 

catalysts by changing d-band center of transition metals or alloys.  

As shown in the activity volcano plot, Pt is the best metal catalysts in ORR. But the surface 

reactivity of Pt is still too high, which means reducing its surface reactivity could improve its 
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activity a step further. This prediction is well verified by rationally designing new catalysts 

with lower d-band center of Pt alloys. 
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Figure 1-17. a,b, Relationships between experimentally measured specific activity for the 

ORR on Pt3M surfaces in 0.1 M HClO4 at 333 K versus the d-band centre position for the Pt-

skin (a) and Pt-skeleton (b) surfaces. b shows the d-band centre values* established in UHV, 

which may deviate in the electrochemical environment due to dissolution of non-Pt atoms. 

Reproduced from ref39. 

1.5 Research motivation 

Choosing an appropriate research topic for PhD period is very important. Since my first 

project in electrocatalysis, I noticed that the most meaningful but challenging research in 

electrocatalysis is rational catalyst design, which is the ultimate goal of the fundamenta l 

research in catalysis. However, many fundamental relations remain unclear and thus seriously 

impede the development of catalyst design principles. For example, Sabatier principle indicates 

the catalytic activity is determined by the adsorption of energy of intermediates. But what 

determines adsorption energy has not been clearly identified. Since the adsorption energy is 
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governed by the surface reactivity of catalysts, my first project is to identify the surface 

reactivity descriptor of transition metal oxides, a major group of catalysts in OER and ORR. 

After identification of coordinatively coordinated unsaturated metal (MCUS) cations as a good 

surface reactivity descriptor on transition metal oxides, I continued exploring more 

fundamental relations between kinetics with thermodynamics of elementary steps involved in 

oxygen electrocatalysis. Only clearly understanding this relation one can conclusively predict 

how tune the surface reactivity of a catalyst to improve its catalytic activity. Through 

developing the model to describe the relation between electrochemical kinetics and 

thermodynamics of elementary steps, I found some basic questions that remain unanswered. 

For example, why better catalysts in oxygen electrocatalysis have lower exchange current 

density? This trend is in contrast with that in hydrogen electrocatalysis. Many problems in 

catalysis research could only be solved after knowing the fundamental relations, and all these 

fundamental relations are the key to rational catalyst design.  
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Chapter 2. Surface reactivity origin of transition metal oxides 

 

A number of important reactions such as the oxygen evolution reaction (OER) are catalyzed 

by transition metal oxides (TMOs), whereas surface reactivity of which is rather elusive. 

Therefore, rationally tailoring adsorption energy of intermediates on TMOs to achieve 

desirable catalytic performances still remains a great challenge. Here we show the 

identification of a general and tunable surface structure, coordinatively unsaturated metal 

cation (MCUS), as a good surface reactivity descriptor for TMOs in OER. Surface reactivity of 

a given TMO increases monotonically with the density of MCUS, thus increase in MCUS 

improves the catalytic activity for weak-binding TMOs but impairs that for strong-binding ones. 

The electronic origin of the surface reactivity can be well explained by a new model proposed 

in this work, wherein the energy of the highest occupied d-states relative to the Fermi level 

determines the intermediates bonding strength by affecting the filling of the antibonding states. 

Our model for the first time well describes the reactivity trends among TMOs, and would 

initiate viable design principles for, but not limit to, OER catalysts.  

 

2.1 Introduction 

Many electrochemical processes involve OER as the anodic reaction, some desire effic ient 

OER catalysis (e.g., water electrolysis)40,41, while the others need to suppress this reaction (e.g., 

Chlor-Alkali process)42. Owing to the mismatch in adsorption energy of the mult i-

intermediates involved in the reaction43, OER is highly irreversible and thus usually manifes ts 

high overpotential (visualized in Figure S1). Because of the high working potential, OER takes 

place at oxidized surfaces and typical good OER catalysts are transition metal oxides (TMOs) 

and oxyhydroxides. Unraveling the behavior of OER catalysis on TMOs is of critical 
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importance for both practical application and fundamental understanding of the interfac ia l 

chemistry. 

Although intermediates adsorption energy (corresponding to surface reactivity) well 

describes the activity trend of OER on well-studied TMOs8,9, the factors that govern the 

adsorption property or surface reactivity of TMOs still remain elusive. Besides, the critical 

working condition of OER makes it extremely difficult to directly measure the intermedia tes 

adsorption property10. Therefore, effectively tailoring the adsorption energy of intermedia tes 

to achieve desirable OER activity is highly challenging. This frustrating outcome is in stark 

contrast with the oxygen reduction reaction (ORR), the reverse reaction to OER, despite the 

same intermediates (OH*, O*, and OOH*) involve in these two reactions. Unlike OER, ORR 

can be efficiently catalyzed by transition metals (TMs), whose surface reactivity can be well 

described by the d-band model20,44, which leads to successful catalyst design39,45. On the 

contrary, no general model exists to well describe the surface reactivity of TMOs5,46.  

The deduction of surface reactivity descriptor for TMOs is primarily prohibited by the 

extreme divergence in structure and property of these materials47, in contrast to the relative ly 

continuous variation in electronic structure and property of TMs. Nonetheless, several attempts 

have been tried to correlate adsorption property with several features in electronic structure of 

oxides, including eg filling for perovskites (AMO3)48,49 and the states near Fermi level for 

TiO2
50

 and 4d and 5d late TMOs51. Although the correlations well describe the trends for the 

investigated materials, no descriptor proves predictability in well-studied group of OER 

catalysts such as Co3O4 and MnO2. However, if we could avoid the complexity of TMOs and 

tune the surface electronic structure continuously, it could be possible to identify the surface 

reactivity descriptor for TMOs.  

Here, we demonstrate that surface reactivity of a TMO for OER can be well-described by a 

general and tunable surface structure, coordinatively unsaturated metal cation (MCUS). Surface 
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reactivity increases monotonically with the density of MCUS (denoted as [MCUS]), hence weak-

binding TMOs benefit from higher [MCUS] while strong-binding TMOs favor lower [MCUS] to 

achieve good OER catalytic activity. In our study, [MCUS] was carefully tuned by slight 

oxidation or reduction to prevent bulk structure or phase transition, which results in continuous 

variation in surface electronic structure. We then propose that the energy of the highest 

occupied d-states of a TMO relative to its Fermi level describes the intermediates-surface 

bonding strength, which can be established as a universal descriptor for surface reactivity of 

TMOs.  

2.2 Experimental Section 

2.2.1 Chemicals  

Semiconductor grade potassium hydroxide (KOH) (99.99% trace metal basis, Sigma-

Aldrich) was used as supporting electrolyte in all electrochemical tests. The electrolyte solution 

of 1 M KOH was prepared by dissolving the semiconductor grade KOH with 18.2 MΩ • cm 

deionized (DI) water. The high purity electrolyte could eliminate the influence of impurity on 

the intrinsic activity and properties of the catalysts studied in this work by showing no 

observable change during many cycles of cyclic voltammetry. 

2.2.2 Materials preparation  

Rutile TiO2 nanorods with exposed facets were synthesized by a modified hydrothermal 

method52. In a typical synthesis, 1 ml of titanium butoxide (97% Aldrich) was added into a 

mixed solution containing 30 ml of deionized (DI) water and 30 ml of hydrochloric acid (37 

wt%). 20 mg of P25 nanoparticles were added as seeds and dispersed in the growth solution by 

ultrasonication. The hydrothermal reaction was conducted in a 100 ml autoclave at 170 ℃ for 

5 h. After reaction, the product was washed several times with DI water and harvested by 

centrifugation.  
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The as-prepared TiO2 nanorods were oxidized and reduced in air and hydrogen (5% H2 mixed with 

Ar) to remove and create coordinatively unsaturated Ti cation sites (TiCUS) at the surface, respectively, 

denoted as TiO2 A-700, H-600, and H-700, where A and H represent the air and hydrogen environment, 

and numbers are the treatment temperature. Structure and surface reactivity characterization of TiO2 

can be found in Figure S3 & Figure 2. 

Single-crystalline Co3O4 nanocubes, α-Fe2O3 nanorhombohedrons and α-MnO2 nanorods were 

synthesized via the methods reported in literature with slight modifications53-55. NiO was obtained from 

Sigma Aldrich (size < 50 nm, 99.8%) showing black color, indicating much excess oxygen at the surface. 

The density of NiCUS can be increased by calcination at high temperature to remove excess oxygen at 

the surface. The surface reduction and oxidation conditions (e.g., temperature) were carefully chosen 

to only induce the atomic structure changes at the surface. As a representative of relative reducible 

TMOs, Co3O4 was treated in much lower temperature to tune the density of CoCUS (structure and surface 

reactivity characterization are provided in Figure S4 & S5). 

2.2.3 Materials characterization.  

The crystal structure of as-prepared TMOs was analyzed by X-ray powder diffraction (Cu Kα 

radiation, Bruker D2 Phaser). Transmission electron microscopy (TEM) and high-resolution 

transmission electron microscopy (HRTEM) images were obtained on a JEOL model JEM 3010 TEM 

equipped with a Gatan camera. X-ray photoelectron spectroscopy (XPS) measurements were conducted 

on an ESCALAB 250 photoelectron spectrometer (Thermo Fisher Scientific) at 2.4 × 10−10 mbar using 

a monochromatic Al Kα X-ray beam (1486.60 eV). Binding energy (BE) of the element was calibrated 

to the BE of carbon (284.60 eV).  

2.2.4 TPX measurements.  

All measurements were carried out at a heating rate of 20 oC/min and ambient pressure on ChemBET 

Pulsar (ITS Science & Medical Pte Ltd). Temperature-programmed reduction (TPR) was performed in 

5% H2/Ar (v/v) to determine the suitable temperature to create surface MCUS. Temperature-programmed 

oxidation (TPO) was carried out in 5% O2/He (v/v). Prior to O2-TPD (temperature-programmed 
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desorption) test, the samples were exposed to high purity O2 (99.9995%) for half an hour to let the 

samples reach saturated adsorption of O2.  

2.2.5 Electrochemical studies.  

Electrochemical tests were conducted on an Autolab PGSTAT 30 with a three-electrode 

configuration. Saturated calomel electrode (SCE, 0.241 V vs. SHE (standard hydrogen electrode)) and 

Pt plate (~1 cm2) were used as the reference and counter electrode, respectively. To prepare a working 

electrode, the TMO samples were firstly dispersed in an isopropyl alcohol/water (v: v = 1: 1) solution 

with a concentration of 2 mg/ml. The mixture was sonicated for 3 h to form a well-dispersed solution. 

Subsequently, 10 l of this solution was drop-casted onto a pre-cleaned glassy carbon (GC) rotating 

disk electrode (0.196 cm2). Finally, 5 l of 0.5 wt% Nafion solution was drop-casted onto the TMOs 

to fix the material. The electrodes were dried in atmosphere overnight before electrochemical tests. The 

electrochemical testing was conducted at a rotating speed of 1600 rpm in 1 M KOH electrolyte (pH = 

13.72) to minimize mass transport limit. To reduce the effects of impurities, plastic cell and high purity 

KOH (semiconductor grade, 99.99% trace metals basis) were used during the electrochemical testing. 

In particular, for the electrochemical characterization of NiO, the KOH solution was purified to remove 

trace amount of Fe impurity, which has been reported to sensitively influence the electrocatalytic 

performance of NiO56.47 All polarization curves in this work were corrected by eliminating iR drop in 

the electrical circuit. Relatively low scan rate (5 mV s-1) was employed to diminish the contribution of 

non-faradic current to the current of polarization curves. The series resistance (Rs), mainly originating 

from ionic conduction in the electrolyte, is in the range of 5.5 to 7.0 Ω. The potentials of polarization 

curves were compensated based on the following equation: VRHE = VSCE + 0.241 + 0.059 * pH – Rs * i. 

Electrochemical impedance spectroscopy (EIS) measurements were conducted on Solartron 

1287A potentiostat coupled with 1260 FRA (Frequency Response Analysis). EIS were 

collected in the same dc potential range as that of electrochemical tests. 10 mV sinusoidal wave 

potential perturbations were applied to the dc potential. Polarization curve was collected prior 

to and after sequential ac impedance tests to evaluate the reliability of the electrodes. EIS data 

was collected only if there was no observable change for the two curves. Polarization of 
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working electrodes at each dc potential for one minute was conducted to allow the system to 

reach steady state. 

2.3 DFT simulation and kinetic analysis  

2.3.1 Theoretical background 

    The analysis and interpretation of theoretical and experimental data in this work are based 

on two general assumptions: first, the activation energy scales with adsorption energy in a 

Brønsted–Evans–Polanyi relation, which is valid for most of the cases45. Therefore, potential 

determining step (PDS) will be identical to the rate determining step (RDS). With this 

assumption, we can directly correlate rOER with adsorption energy. Second, since OER is a four-

electron transfer reaction that involves multiple intermediates, the scaling relation of adsorption 

energy among these intermediates is assumed to be applicable in our case studies2-4. Thus, we 

can employ adsorption energy of a key intermediate such as *O as an activity descriptor to get 

the trend of kinetics determined by adsorption energy.2   

 

Figure 2-1. Theoretical dependence of OER rate and overpotential (ηthe) on intermedia tes 

adsorption energy. (a) Schematic illustration of kinetics determined by overpotential and 

intermediates adsorption energy. Only charge transfer limitation in OER was taken into 

consideration; thus the reaction rate (rOER) is exponentially dependent on applied overpotentia l 
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for a catalyst with a given adsorption energy. (b) A general activity volcano plot for TMOs in 

OER derived from literatures. Results of TMOs from literature: TiO2, RuO2 and MnO2,3 

Co3O4,
5

 Fe2O3,6 NiO.7 The oxides fall on the right leg are weakly binding catalysts, whereas 

those on the left leg are strongly binding ones.  

Based on the above assumptions, it can be found that rOER decreases exponentially with the 

discrepancy in adsorption energy from the optimal value at a given overpotential (Figure S1a). 

Thus, a volcano relation between overpotential and adsorption energy appears (solid black 

lines). A general OER activity volcano plot is shown in Figure S1b. RuO2 adsorbs oxygen 

intermediates at near optimal binding energy, while non-precious TMOs either bind to the 

intermediates too weakly (TiO2, Fe2O3, Co3O4, and etc.) or too strongly (NiO, MnO2, and etc.). 

As a result, the non-precious TMOs show inferior OER activities. Figure S1 clearly shows the 

role of adsorption energy in defining a good OER catalyst. Our work is thus focused on the 

identification of surface reactivity descriptor for TMOs, with which we can tailor the 

adsorption energy and in turn make OER catalytic activity under control.  

2.3.2 Computational details  

    We studied the adsorption of oxygenated intermediates on rutile TiO2 (110) surfaces by 

first-principles DFT calculations, which were performed using PWSCF code in the Quantum 

ESPRESSO package.8 In the simulation, we applied the generalized gradient approximation 

(GGA) of the Perdew-Burke-Ernzerhof (PBE) functional and carried out the spin-polar ized 

calculations. Ultra-soft pseudo-potentials were used to deal with the ion cores. Periodically 

repeating 4-layer slabs with different density of TiCUS were used to model the rutile TiO2  

materials, with a vacuum layer of 20 Å placed above the surface. The oxygenated adsorbates 

and the two top Ti layers were allowed to relax, whereas the lower layers were kept frozen at 

the bulk position. The plane wave cutoff energy was 30 Ry. For the surface model with 3/4 

ML, 1 ML, 5/8 ML, and 9/16 ML of TiCUS, we used the 22, 22, 24, and 44 surface unit 
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cells, and 441, 421, 221 Monkhorst–Pack type of k-point sampling meshes respectively. 

Various possible adsorption sites for oxygenated adsorbates were considered to determine 

stable adsorption sites for different adsorbates. The overpotentials for OER were calculated 

using the theoretical model developed by Norskov et. a.l2 Since the absolute adsorption 

energy calculated for a given species varies somewhat with different computation software, we 

shifted the calculated adsorption energies for pristine TiO2 to that obtained by Norskov et al,2 

so that the model activity volcano given by them can be used to analyze the activity-adsorp tion 

energy relation. The values required for this shift for various intermediate were then applied 

for TiO2 with surface vacancies. 

2.3.3 Kinetic analysis 

    Surface coverage of an adsorbate is determined by adsorption energy according to the 

following equation:9,10  

𝜃 =
𝐹

𝜎
∗ 𝜏0 ∗ exp (

∆𝐻ads

𝑅𝑇
)    (2-1)  

where F is the flux of adsorbate, 𝜎 is the number of adsorbates per surface area for monolayer 

coverage, 𝜏0 is the residence time for the adsorbate binding to the catalyst surface, R is the 

gas constant and T is the temperature. From conventional definition ΔHads is always positive: 

larger ΔHads corresponds to stronger adsorption. 

    Equation (1) is very useful as it provides a method to directly evaluate adsorption energy of 

adsorbates on surface. Surface coverage of OER intermediates could be obtained from EIS 

measurements, from which low frequency dominated specific adsorption of oxygen 

intermediates (Cads) could be distinguished from double layer charging (Cdl). The physical 

models (the electrical equivalent circuit, EEC) employed in this work to simulate the electrode 

process is shown Figure S6.11,12 Harrington and Conway gave the definition of Cads as:13  
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𝐶ads(𝐸) = 𝑞 (
d𝜃(𝐸)

d𝐸⁄ )   (2-2) 

where 𝑞 is the charge density for a monolayer coverage, which can be assumed as constant for 

each TMO in our study as slight surface structure modification exerts little influence on the 

total number of adsorption sites. By numerical integrating equation (2), we can roughly get the 

dependence of surface coverage (in arbitrary scale) on applied potential E. 

𝜃(𝐸) =
1

𝜎
∫ 𝐶𝑎𝑑𝑠 (𝐸)d𝐸

𝐸

𝐸0
   (2-3) 

where the starting point 𝐸0 refers to the potential under which no obvious adsorption occurs, 

the ending point 𝐸 is the potential that gives rise to 𝜃(𝐸). Specifically, the 𝐸0 for Co3O4 and 

MnO2 are 1.2 and 1.15 V vs. RHE, respectively. Under these potentials the adsorption of 

intermediates is not significant. The variation of 𝜃 for Co3O4 and MnO2 along with E are shown 

in Figure S6 e & f, while its integration results can be found in Figure 4 e & f. 
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2.4 Results and Discussion 

2.4.1 Structure modification and characterization  

To make the study simple and convincing, all of the TMOs used in this work are structura lly 

well-defined nanostructured single crystals. Moreover, gentle modification of the surface 

structure only results in relatively continuous variation in surface electronic structure; hence it 

would be much easier and conclusive to identify the descriptor for surface reactivity. Structural 

characterization of TiO2 in Figure 2-2 demonstrates that surface reduction of TiO2 (110) did 

not induce any obvious changes in the bulk structure, thus the change in surface reactivity 

should originate from the variation in surface electronic structure.  

 

Figure 2-2. Structural characterization of TiO2 with varying density of surface TiCUS. (a) 

Temperature programmed reduction (TPR) spectrum of TiO2 in H2/Ar (5%, v/v). (b) XRD 

patterns of TiO2 with varying density of surface TiCUS. (c, e) TEM and HRTEM images of as 

prepared TiO2. (d, f) TEM and HRTEM images of TiO2 H-700 (with higher density of TiCUS).  
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Compared with TiO2, many other TMOs such as Co3O4 are more reducible. Therefore, the 

surface treatment condition for other TMOs used in this work was examined with great care. 

For example, in terms of Co3O4, firstly, temperature programmed reduction (TPR) was 

performed to determine the reduction temperature for the creation of surface CoCUS. As shown 

in Figure 2-3 a, reduction of Co3O4 to CoO becomes significant above 280 ◦C. So the reduction 

temperature we chose is 250 ◦C, which should not cause any significant changes in the bulk 

structure. Instead, the reduction mainly took place at the surface, which can be verified by a 

collection of XRD, TEM and HRTEM measurements (Figure 2-3 and Figure 2-4). Besides, the 

mild oxidation of Co3O4 in air (300 ◦C) also did not induce any significant bulk structure 

variations.  
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Figure 2-3. Structural characterization of Co3O4 with varying density of Cocus. (a) TPR 

spectrum of Co3O4 in H2/Ar (5%, v/v). (b) XRD patterns for Co3O4 with varying density of 

Cocus. (c, d, e) TEM images of Co3O4 A-300, pristine Co3O4, and Co3O4 H-250, respectively. 

(f, g, h) HRTEM images of Co3O4 A-300, pristine Co3O4, and Co3O4 H-250, respectively.  
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Figure 2-4. Change of surface states in Co3O4. (a, b) O 1s and Co 2p XPS spectra for Co3O4 

after different treatments. The reduction of Co(III) to Co(II) gives rise to peak shift of Co 2p 

spectrum towards higher binding energy. (c) Comparison of O1s XPS spectra for Co3O4 H-250 

and the same sample after surface etching (Ar plasma), showing that Ov at the surface of Co3O4 

can be removed by Ar plasma etching, which indicates that Ov could only be created at the 

surface of Co3O4 at 250 ◦C in hydrogen. (d) Schematic structure of Co(III) and Co(II) (Cocus) 

in the octahedral site.  

2.4.2 Surface reactivity and catalytic performance of TiO2 with varying [TiCUS].  

We first performed density functional theory (DFT) calculations to explore the correlation 

between adsorption energy with [MCUS] on rutile TiO2 (110), a prototype model TMO for 

application in energy conversion. Rutile TiO2 usually behaves as an n-type semiconductor and 
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its extremely low surface reactivity could be improved by surface oxygen vacancy (OV, 

corresponding to higher [TiCUS] relative to the stoichiometric surface)57,58. Herein, we 

systematically examined the influence of varying [TiCUS] on the overall surface reactivity and 

OER activity. Owing to its inert surface, perfect rutile TiO2 (110) adsorbs oxygen intermedia tes 

very weakly and features high OER overpotential, whereas creating more TiCUS monotonica l ly 

enhances the intermediates adsorption and thus effectively changes the OER activity (Figure 

2-5 & Figure 2-6). This trend is consistent with previous theoretical and experimental studies 

that oxygen deficient surface showed higher reactivity with adsorbates (e.g., O2 and H2O)59 

and the enhanced reactivity is not constraint to OV sites but delocalized60,61. The strong 

dependence of adsorption energy on [TiCUS] indicates that TiCUS can be used as a descriptor for 

adsorption energy of OER intermediates on TiO2.  
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Figure 2-5. Dependence of theoretical overpotential (ηthe) of rutile TiO2 (110) in OER catalysis 

on [TiCUS]. ηthe for RuO2 is shown for comparison. Inset shows the molecular structure of rutile 

TiO2 (110) surface, which is characterized by alternate rows of five-fold coordinated Ti (Ti5c) 
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and bridging O atoms (Ob). Underneath Ob rows are the six-fold coordinated Ti (Ti6c) rows. 

Ti6c is fully coordinated by oxygen in a typical octahedral site, whereas the Ti5c row and the 

OV created TiCUS (denoted as Ov-TiCUS) in Ti6c row are coordinatively unsaturated and thus 

denoted as TiCUS. Different from TiCUS on stoichiometric surface, Ov-TiCUS and TiCUS 

neighboring to Ov are more reactive due to excess d-electrons60,61. The density of TiCUS is 

defined as the ratio of TiCUS to the sum of Ti5c and Ti6c rows. According to this definit ion, 

perfect TiO2 surface contains 1/2 ML (monolayer) TiCUS.  

0

1

2

3

+4(e
-
 + H

+
)+3(e

-
 + H

+
)+2(e

-
 + H

+
)

*OH2 H
2
O (l)

U = 1.23 V vs SHE


the

 = 0.64 V

O
2

*OOH*O


G

 /
 e

V

Reaction coordinates

 TiO
2
 (1/2 ML Ti

CUS
)

  3/4 ML Ti
CUS

+(e
-
 + H

+
)


the

 = 1.19 V

0.5 0.6 0.7 0.8 0.9 1.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0
(

G
*O

- 


G
*O

T
iO

2
) 

/ 
e
V

ML of Ti
CUS

a                                                                            b

 

Figure 2-6. DFT calculation results of TiO2 (110) with varying [TiCUS] in water oxidation 

catalysis. (a) Standard free energy diagram of OER at 1.23 V vs. SHE. The theoretica l 

overpotential (ηthe) was derived from the free energy change of the potential determining step. 

Striking reduction of ηthe from 1.19 V for perfect TiO2 (110) (1/2 ML TiCUS) to 0.64 V for TiO2  

(110) with 3/4 ML TiCUS can be clearly observed, highlighting the decisive role of TiCUS in 

OER electrocatalysis. (b) Dependence of *O adsorption free energy on the density of TiCUS. 

The bonding strength of *O increases linearly with the density of TiCUS. 

To examine our theoretical prediction, we studied single-crystalline rutile TiO2 nanorods 

with exposed (110) facets – the same ones used in our simulation. To increase [TiCUS], the TiO2  

nanorods were slightly reduced to partially remove surface bridging oxygen. As shown in 
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Figure 2-2, the bulk composition and structure of TiO2 nanorods are well preserved after 

creation of additional TiCUS, whereas, the surface structure and reactivity have been obviously 

modified (Figure 2-7). By ruling out bulk influence we could safely conclude that any 

difference in surface reactivity and catalytic performance should originate from TiCUS.  
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Figure 2-7. Surface reactivity of TiO2 with varying density of surface TiCUS. (a) O 1s and Ti 

2p XPS spectra for TiO2 with different [TiCUS]. TiO2 H-700 (with higher [TiCUS]) shows a more 

intense shoulder than that of pristine TiO2, whereas no obvious change is observed in Ti 2p 

spectra. (b) Detailed O 1s spectra of pristine TiO2 and TiO2 H-700. A new peak, which can be 

assigned to dissociative adsorbed O2 (Oads), arises at about 530.2 eV (about 0.9 eV higher than 

lattice O) for TiO2 H-700 together with increase in peak intensity of dissociative adsorbed 

water (OHads). (c) O2 TPD spectra for TiO2 with varying density of surface TiCUS. (d) TPO 

spectrum of TiO2 H-700. Insets show the color of original TiO2 H-700, after calcination at 
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500 °C and 700 °C in air for 1 h, respectively. The ramping temperature of both TPD and TPO 

is 20 oC/min. The samples are named with treatment environment and temperature. Specifica lly, 

A and H represent the samples annealed in air and 5% H2/Ar, respectively, and numbers are 

the treatment temperature. 

Both X-ray photoelectron spectroscopy (XPS) and O2 temperature programed desorption 

(TPD) suggest the surface reactivity increases with [TiCUS] (Figure 2-7 a, b & c), well in line 

with our DFT calculation results. O 1s spectrum (Figure 2-7 a & b) suggests that dissociat ive 

O2 adsorption (Oads) on TiO2 H-700 is significantly enhanced compared to pristine TiO2. Oads 

brings two effects: i) the dissociative adsorption of water (OHads) is enhanced through the 

interaction between adsorbed water and Oads
62,63 and ii) electron transfer from TiCUS to Oads 

makes the Ti 2p spectrum of TiO2 H-700 invariant from that of TiO2. That’s why we observe 

enhanced OHads intensity in the O 1s spectrum but overlapped Ti 2p spectrum for TiO2 H-700 

as compared to pristine TiO2. O2-TPD directly reveals the correlation between surface 

reactivity and [TiCUS]. The higher amount of desorbed O2 from surfaces with higher [TiCUS] 

indicates stronger adsorption. Moreover, the slightly reduced TiO2 surface e.g., TiO2 H-700 

could only be re-oxidized at temperatures as high as 500 ◦C (Figure 2-7 d). Such a good stability 

can be attributed to the delocalization of unpaired d-electrons (which form band gap states 

slightly below the Fermi level),22 which improves the overall surface reactivity and stability of 

OV sites64. 
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Figure 2-8. Electrocatalytic kinetics of TiO2 with varying [TiCUS] in OER. (a, b) Polarizat ion 

curves and Tafel plots. Inset in (a) illustrates the structure transition that is responsible for 

activity variation. (c) Overpotential of TiO2 after alternate reduction and oxidation treatments 

to tune [TiCUS]. Here we define the reduction and subsequent oxidation (all at 700 oC) as a 

cycle, and the sequence of each circle is numbered by 1, 2 and 3, respectively. For example, 

2(HA-700) refers to the reduced TiO2 sample after surface oxidation in the second circle. (d) 

Response of charge transfer resistance (Rct) to applied potential. At potential > 1.6 V, Rct for 

TiO2 H-700 is more than one order of magnitude smaller than that for pristine TiO2. Inset shows 

the mechanistic illustration of reduced activation energy (Ea) by enhancing intermedia tes 

adsorption. Scan rate: 5 mV s-1 and 1 mV s-1 for polarization curves and Tafel plots, 

respectively.   
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Catalytic OER performances were evaluated using a thin-film rotating-disk electrode (RDE) 

with well-defined mass transport. It is well-known that TiO2 is a very poor OER catalyst owing 

to its weak binding to oxygen intermediates, which is reflected by the large onset potential 

(~1.9 V vs. RHE) and extremely high Tafel slope 230 mV/dec (Figure 2-8 a & b). However, 

the OER activity of TiO2 is sharply improved by increasing [TiCUS], characterized by the much 

lower onset potentials and smaller Tafel slopes. In particular, TiO2 H-700 shows good kinetics 

with Tafel slope as low as 51 mV/dec, which is almost comparable to that of good OER 

catalysts such as Co3O4. Besides, TiO2 H-700 also shows stable OER electrocatalysis with 

nearly 100% Faradaic efficiency (Figure 2-9), suggesting that the TiCUS-rich surface could 

work sustainably in OER catalysis. The good stability implies that the surface of TiO2 H-700 

is not easy to be blocked by intermediates, in line with the previous prediction from the surface 

reactivity characterization. Besides, alternately increasing or decreasing [TiCUS] on TiO2 results 

in opposite changes in OER activity (Figure 2-8 c), emphasizing the decisive role played by 

TiCUS in OER catalysis. Electrochemical impedance spectroscopy (EIS) analysis demonstrates 

that the OER activity is mainly determined by interfacial charge transfer resistance (Rct) (Figure 

3d). Rct is controlled by activation energy (Ea), which is very high for pristine TiO2 due to its 

weak adsorption of intermediates. Inset in Figure 2-8 d schematically describes the mechanism 

of reduced Ea and thus Rct by increasing [TiCUS] through enhancing the adsorption of 

intermediates65.27 Based on these experimental results, we could confidently conclude that 

TiCUS could effectively alter the surface reactivity of TiO2 and thus change its catalytic activity 

in OER.  
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Figure 2-9. Detailed electrochemical characterization of TiO2 H-700 in OER electrocatalys is. 

(a) Cyclic voltammetry (CV) of TiO2 with different densities of surface TiCUS. The CV curves 

are obtained from the second cycle of CV scan in the electrochemical tests.  (b) The response 

of Cads to E for TiO2 and TiO2 H-700. The sharp increase in Cads for TiO2 H-700 demonstrates 

its good reactivity in oxygen intermediates adsorption, whereas inert surface of TiO2 results in 

sluggish response to E. (c) Electrocatalytic stability test of TiO2 H-700, inset shows the linear 

sweep voltammetry of TiO2 H-700 before and after the longtime stability test. (d) Faradaic 

efficiency test. The excellent stability and near 100% Faradaic efficiency of TiO2 H-700 imply 

that TiCUS-rich TiO2 can act as potent electrocatalyst for the OER. 
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2.4.3 Effects of [MCUS] on the catalytic performance of the TMOs with different surface 

reactivity.  

The strong correlation between [MCUS] and surface reactivity stimulates us to examine the 

generality of MCUS as a surface reactivity descriptor for more TMOs. We studied Co3O4 and α-

MnO2 as they are typical TMOs whose activities are limited by weak and strong adsorption of 

oxygen intermediates, respectively (Figure 2-1 b)25. Theoretically, we expect to observe 

opposite influence of MCUS on OER activities for the TMOs that bind oxygen intermediates too 

strongly or too weakly. We found that increase in [CoCUS] could significantly improve the OER 

activity (Figure 2-10 a & c). The CoCUS-rich surface shows the best OER activity and good 

stability (Figure 2-11) ever reported for pure crystalline Co3O4,66,67 whereas, the Co3O4 

oxidized in air displays poor OER activity due to reduction of [CoCUS] at the surface. On the 

contrary, for α-MnO2, increase of [MnCUS] diminishes the OER activity, while decrease in 

[MnCUS] results in significantly better activity (Figure 2-10 b & d). This trend of activity with 

[MCUS] for α-MnO2 is totally opposite to that of Co3O4, but well demonstrates the MCUS as a 

surface reactivity descriptor. Similar to TiO2, Co3O4 binds to intermediates too weakly so that 

enhancing surface reactivity can improve its OER activity. However, the activity of α-MnO2 

can only be improved by reducing [MnCUS] at the catalyst surface to weaken the strong 

adsorption of intermediates. 
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Figure 2-10. Electrochemical characterization of Co3O4 and α-MnO2 with varying density of 

MCUS. (a, b) OER polarization curves of Co3O4 (a weak-binding catalyst) and α-MnO2 (a 

strong-binding catalyst). Insets show the simplified energy diagram to illustrate the rate-

determining step (RDS) associated with key intermediate (I), wherein only two critical steps of 

adsorption and desorption of intermediate (I) are shown. Here we use R’ and P’ to represent 

reactant equivalent and product equivalent, respectively. The equivalent means that the 
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transition from reactant to R’ and from P’ to product are fast. (c, d) Tafel plots for Co3O4 and 

α-MnO2. (e, f) Variation in the surface coverage of intermediates on Co3O4 and α-MnO2. Scan 

rate: 5 mV s-1 and 1 mV s-1 for polarization curves and Tafel plots, respectively. The naming 

rules of the samples are the same as that of TiO2. 
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Figure 2-11. Stability and Faradaic efficiency test of Co3O4 H-250. (a) Stability test only less 

than 5% decrease in current density can be observed after 27 hours of continuous electrolys is, 

highlighting the excellent durability of Cocus-rich surface in OER catalysis. (b) Faradic 

efficiency test. (c, d) Electrocatalytic kinetics before and after stability test. The good stability 

indicates the slightly modified Co3O4 surface with higher density of CoCUS could work stably 

in OER catalysis.  

Despite the opposite trend of OER activity for Co3O4 and α-MnO2 with [MCUS], we found 

that the capacitance prior to the onset of OER varies with [MCUS] along the same trend for both 
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Co3O4 and α-MnO2 (Figure 2-12 c & d). Through in-depth EIS studies, we found that this 

variation originates from the capacitance associated with intermediates adsorption (Cads) 

(detailed analysis can be found in the Kinetic analysis part of section 2.3). Cads can be used to 

estimate the fractional surface coverage of intermediates (θ), which reflects the adsorption 

energy (ΔHads) of intermediates as described by equation (1)19,68. 

𝜃 ∝ exp (
∆𝐻ads

𝑅𝑇
)      (2-4) 

Equation (1) indicates that higher ΔHads (stronger adsorption) gives rise to higher θ. Figure 

2-10 e & f show that θ on both Co3O4 and α-MnO2 increase with increasing [MCUS], indicat ing 

that higher [MCUS] results in stronger adsorption, which agrees well with the trend of OER 

activity. Since experimentally evaluating the adsorption of OER intermediates is very difficult, 

the θ obtained from Cads could be used as an indication of adsorption energy for OER 

intermediates.  
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Figure 2-12. Electrochemical characterization of oxygenated intermediates adsorption. (a) 

Electrical equivalent circuit (EEC) for adsorption. Rs refers to the series resistance in the circuit. 

Cdl and Cads are the capacitance from double layer and intermediates adsorption, respectively, 

whereas the physical significance of R1 and R2 are still under debate but with a general 
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viewpoint that overall charge transfer resistance Rct = R1 + R2
12. To account for the deviation 

of capacitance from ideal capacitive behavior, constant phase elements are adopted in the 

specific fitting to replace pure capacitors in the equivalent circuit. (b) A typical comparison 

between the fitting result and the experimental data (Co3O4), which shows an excellent match. 

(c, d) Cyclic voltammetry (CV) of Co3O4 and α-MnO2 with varying density of MCUS. The CV 

curves are obtained from the second cycle of CV scan in the electrochemical tests. The 

capacitance charging current prior to the onset of OER for both Co3O4 and α-MnO2 is positive ly 

dependent on the density of MCUS. The activity for Co3O4 varies in the same trend with the 

capacitance charging current, whereas the activity for α-MnO2 changes oppositely with the 

variation of the capacitance charging current. (e, f) Trend of Cads decoupled from EIS results. 

The variation of Cads contributes the change in capacitance charging current prior to the onset 

of OER with density of MCUS. 

Moreover, the universality of MCUS as a surface reactivity descriptor was further verified on 

α-Fe2O3 and NiO (Figure 2-13), whose activities are positively and negatively dependent on 

[MCUS], respectively. The trends are consistent with their surface reactivities (as shown in 

Figure 2-1 b, activities of α-Fe2O3 and NiO are limited by low and high surface reactivity, 

respectively). So far, we have demonstrated MCUS as an effective surface reactivity descriptor 

for five TMOs that are well studied in OER. The OER overpotential difference for each TMO 

with lowest to highest [MCUS] summarized in Figure 2-14 indicates that MCUS leads to vast 

difference in OER kinetics. Such a strong dependence of surface reactivity and OER catalytic 

activity on [MCUS] suggests that MCUS could serve as an effective surface reactivity descriptor 

for TMOs in OER.  
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Figure 2-13. Catalytic activity variation of Fe2O3 and NiO with the density of MCUS. (a, b) 

LSV and Tafel plots for Fe2O3, where arrow shows the direction of activity optimization by 

increasing Fecus. (c, d) LSV and Tafel plots for NiO with varying density of Nicus. Commercia l 

NiO nanoparticles are black in color, indicative of presence of substantial defects (oxygen 

excess). The density of Nicus was first reduced by annealing NiO nanoparticles at 850 ◦C to 

remove excess surface oxygen (denoted as NiO A-850).14 NiO AH-200 refers to the sample of 

NiO A-850 reduced in H2/Ar (5%, v/v) at 200 ◦C to further increase the density of Nicus. The 

electrochemical tests for NiO were conducted with specially purified electrolyte as stated in 

methods to rule out the influence of Fe impurity on the performance of NiO based materials. 

 

 

[Fe
CUS

]

1.2 1.4 1.6 1.8 2.0

0

10

20

30

 

C
u

rr
e

n
t 

d
e

n
s

it
y

 (
m

A
 c

m
-2

)

E (V) vs. RHE

 NiO

 NiO A-850

 NiO AH-200

[Ni
CUS

]

1.4 1.6 1.8 2.0

0

1

2

3

 

 

C
u

rr
e

n
t 

d
e

n
s

it
y

 (
m

A
 c

m
-2

)

E (V) vs. RHE

 Fe
2
O

3
 A-500

 Fe
2
O

3

 Fe
2
O

3
 H-250

-4.5 -4.0 -3.5 -3.0 -2.5
1.5

1.6

1.7

101 mV/dec

80.0 mV/dec

 NiO

 NiO A-850

 NiO AH-200

E
 (

V
) 

v
s
. 
R

H
E

Log(J/A cm
-2

)

69.0 mV/dec

-5.0 -4.5 -4.0 -3.5 -3.0

1.6

1.7

1.8

63.3 mV/dec

126 mV/dec

 Fe
2
O

3
 A-500

 Fe
2
O

3
 

 Fe
2
O

3
  H-200

E
 (

V
) 

v
s

. 
R

H
E

Log(J/A cm
-2

)

123 mV/dec

c                                                                              d

a                                                                              b



56 
 

1.0

0.8

0.6

0.4

0.2
 NiO    MnO

2
               Co

3
O

4
   Fe

2
O

3
    TiO

2


e

x
p
 (

V
)

Adsorption energy

 [M
CUS

]  [M
CUS

]

 

Figure 2-14. Overview of the overpotential dependence on surface MCUS for TMOs. Only the 

overpotential of TMOs with the highest and the lowest [MCUS] are shown for comparison. The 

arrows indicate the rational optimization direction: increase [MCUS] for the TMOs on the right 

(weak binding), while reduce [MCUS] for the TMOs on the left (strong binding). The ηexp for 

Fe2O3 refers to current density = 1 mA cm2, while that for the rest TMOs correspond to current 

density = 10 mA cm-2. 

2.4.4 Electronic origin of surface reactivity of TMOs.  

The surface structure, MCUS, is practically useful in tuning the surface reactivity of TMOs. 

To further understand the electronic origin of this descriptor, we propose the following model 

based on the molecular orbital and band structure theory. Bond formation of atomic O, a key 

intermediate in OER, on the surface of a TMO is schematically illustrated in Figure 2-15. 

Atomic oxygen, the second highest electronegative element, behaves as an acceptor in bonding 

with metal cations. Adsorption sites are usually MCUS
69 with only available d valence electrons 

for 3d and 4d TMOs. Hence we assume that the interaction between O and TMO (restricted to 
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3d and 4d TMOs) is mainly contributed from the coupling of O 2p to the highest occupied d-

states (denoted as Ed). As shown in Figure 6, the coupling results in bonding states and 

antibonding states. The bonding states are generally far below Fermi level (EF) and fully filled, 

whereas the filling of antibonding states depends on the relative energy of Ed to EF (denoted as 

(Ed – EF)). The higher energy of Ed relative to EF, the less filling of the antibonding states and 

the stronger adsorption.  

 

Figure 2-15. Schematic bond formation of atomic oxygen on different types of TMOs through 

coupling of O 2p to the highest occupied d-states. Most of the stable TMOs are either 

semiconductors or insulators, valence band (VB) of which is composed of O 2p states and the 
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d-states of transition metal cation. (a, b) Bonding of O to an n-type TMO. On the stoichiometr ic 

surface of an n-type TMO, the antibonding states are usually filled due to the relative low 

energy of highest occupied d-states (Ed) to the Fermi level (EF). However, surface oxygen 

deficiency (higher [MCUS]) introduce band gap states (BGS) resulted from unpaired d-

electrons19,41. The generated d-states by higher [MCUS] lead to stronger adsorption of O due to 

upshift of the antibonding states relative to EF. (c, d) Bonding of O to a p-type TMO. For p-

type TMOs, Ed is much closer to EF, thus antibonding states are less filled as compared to the 

stoichiometric n-type TMOs. Downshift of Ed relative to EF results in more filling of the 

antibonding states, giving rise to weaker bonding. This model implies that not all d-states 

contribute to the bonding strength of adsorbates. Instead, only the highest occupied d-states 

dominate the energy of antibonding states, and together with the Fermi level the filling of 

antibonding states can be defined. Thus, the (Ed - EF) should be the electronic origin of surface 

reactivity for TMOs. 

The detailed interpretation of the model is divided into three categories: n-type, p-type and 

metallic TMOs. For stoichiometric n-type TMOs, Ed in the valence band is far below EF, which 

results in lower energy of antibonding states relative to EF. Thus, the antibonding states are 

fully filled and the adsorption is very weak. However, a surface with higher [MCUS] than the 

stoichiometric surface can introduce band gap states (BGS) due to unpaired d-electrons (Figure 

2-15 b)70, which can increase Ed and push the antibonding states above EF, leading to less filling 

of antibonding states. Therefore, higher [MCUS] gives rise to higher surface reactivity and this 

can be evidenced by diminished BGS upon adsorption of oxygen71. The cases of TiO2, α-Fe2O3, 

V2O5,72 and MoO3 can be well described by Figure 2-15 a & b. For stoichiometric p-type TMOs, 

Ed is close to EF and thus antibonding states are partially filled as shown in Figure 6c. Therefore, 

surface reactivity of p-type TMOs is usually higher than that of stoichiometric n-type TMOs, 

i.e., MnO2, Co3O4 and NiO can adsorb OER intermediates relatively stronger than TiO2 and α-
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Fe2O3 (Figure 2-1 b). But some p-type TMOs have different band structures. A typical example 

is CuO, whose d-band in the valence band is lower than the O 2p band73. Therefore, coupling 

between Cu 3d and O 2p results in lower energy of antibonding states relative to EF and the 

antibonding states are fully filled, hence bonding of O to CuO is the weakest among all 3d TM 

monoxides74. Higher [MCUS] on surface of p-type TMOs also leads to higher surface reactivity 

in a similar way as shown in Figure 6 b, which has been verified on MnO2
75 and Co3O4. Lower 

[MCUS] as compared to the stoichiometric surface resulted from extra surface oxygen is also 

common on p-type TMOs, which leads to lower Ed relative to EF and thus weakens the 

adsorption (Figure 6 d). A typical case is NiO76, which usually present as Ni1-xO due to strong 

adsorption of oxygen. For metallic TMOs (at room temperature) such as TiO, V2O3 and MoO2, 

the good electrical conductivity stems from partially occupied d-states which extend to EF
77. 

As a result, this group of TMOs shows very high surface reactivity such that they will be 

oxidized in the presence of O2.  

Some differences and close connections between surface reactivity of TMOs and TMs can 

be understood by comparing our model with the d-band theory. One obvious difference is that 

the adsorption energy on TMs is contributed from the interaction of adsorbates with both s and 

d states of metal atoms, whereas the adsorption energy on TMOs only results from the coupling 

of adsorbates with the highest occupied d states of metal cations. Thus, TMs show much higher 

surface reactivity than TMOs, which well-explains the reason why TMs cannot work in OER 

catalysis. Considering the similar electronic descriptor - (Ed – EF) used for describing the 

surface reactivity for both TMs and TMOs, our model could be regarded as a generalization of 

the d-band theory into TMOs, which showed unsuccessful over the past.  

2.5 Conclusion  

In summary, we identified a tunable surface structure, MCUS, as an effective surface 

reactivity descriptor for TMOs in OER. From both computational and experimental results, a 
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viable design principle to achieve desirable OER activity on TMOs is thus deduced: for better 

activity, increase [MCUS] for the TMOs with weak intermediates adsorption while reduce [MCUS] 

for those bind to the intermediates too strongly, and vice versa. The electronic origin of the 

descriptor can be well interpreted by a new model proposed in this work, wherein the energy 

of highest occupied d-states relative to Fermi level serves as a (electronic structure) descriptor  

for surface reactivity. Our model well describes the reactivity trends among various TMOs and 

thus can potentially initiate the development of a universal model for surface chemistry of 

TMOs. 
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Chapter 3. A kinetic model for quantitatively resolving elementary 

surface thermodynamics from kinetic analysis 

 

The most challenging but critical research in the field of catalysis is to identify the rate 

determining step and associated with elementary thermodynamic origin, based on which one 

is able to design and develop better catalysts. Sophistication of electrified liquid/solid 

interface in oxygen electrocatalysis makes it incredibly difficult to identify the elementary 

surface thermodynamic origin of kinetics by individual research approaches such as 

traditional kinetic analysis, spectroscopic study and theoretical simulation. Moreover, oxygen 

evolution (OER) and reduction reaction (ORR) are usually separately studied and hence their 

mutual intrinsic relation is unclear. Here for the first time, by combining the critical outcome 

from different research approaches, we developed a new kinetic model for quantitative 

description of the macroscopic kinetics of the two reactions together as a function of 

elementary surface thermodynamics. The mechanistic information of elementary surface 

thermodynamics derived from kinetic data using our model well explains many experimental 

phenomena in oxygen electrocatalysis. Finally, the predictive power of our method in 

developing better catalysts was successfully demonstrated on α-MnO2.   
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3.1 Introduction 

Oxygen evolution reaction (OER) and its reverse reaction – oxygen reduction reaction (ORR) 

are two of the most important electrochemical reactions that have attracted intensive research 

interests over the past decades because of their potential imperative implications in many clean 

energy processes6,37,78. Unfortunately, despite of intensive research, OER and ORR still badly 

limit the commercialization of clean energy conversion technologies due to lack of design 

principles to guide the development of efficient and stable electrocatalysts from abundant 

materials. Different approaches have been employed to identify key elementary steps involved 

in oxygen electrocatalysis so as to develop catalyst design principles79.  

Traditional kinetic model constructed decades ago can give good interpretation of 

macroscopic kinetics80. But, the insufficient understanding on surface chemistry of 

electrocatalysis badly prohibits researchers from resolving the elementary thermodynamic 

origin of kinetic limitation. Spectroscopic techniques, especially in-situ spectroscopy, adopted 

in electrocatalysis have greatly promoted understanding of electrocatalysis under working 

conditions37,81,82. However, the information obtained from spectroscopic studies is still very 

limited owing to the intrinsic complexity of electrified liquid/solid interface – an environment 

in which many surface science techniques widely applied in gas/solid interfaces cannot apply83. 

On the other hand, theoretical simulation, especially density functional theory (DFT) 

simulation, could gain surface thermodynamic information of electrocatalysis directly. 

Recently, Norskov et al identified several critical relations such as linear Brønsted–Evans–

Polanyi (BEP) relation between activation energy with reaction energy65,84 and scaling relation 

between different intermediates8,12,43. The relations greatly reduced the difficulty in identifying 

RDS and its thermodynamic origin. But, the current DFT simulations are mainly used to study 

model systems to give a qualitative rationale of the experimental kineics79. In practice or even 

lab tests, both catalysts themselves such as structure and composition and the interface are 



63 
 

much more complicated. Therefore, in many cases the simulated results can’t give a convinc ing 

interpretation of experiment data.  

Each approach has its unique strength and limitation in resolving electrocatalys is. 

Quantitatively combination of different approaches in a comprehensive study should be more 

fruitful but it requires solid background from all related disciplines and thus such reports are 

scarce even in more simple hydrogen electrocatalysis27,85,86. Therefore, there exists a 

substantial gap between the current understanding with real reaction mechanisms, which 

greatly slows down the design of catalysts that could meet for practical requirements. To bridge 

the gap, a solid relation to link macroscopic kinetics with elementary thermodynamics is 

urgently needed. Electrocatalysis is a highly interdisciplinary and relative immature field, 

which requires comprehensive investigation by a deep combination of different approaches. 

By combining the conceptual outcome from different approaches, here we present a general 

and quantitative description of the oxygen electrocatalytic kinetics based on the microscopic 

thermodynamic origin, the binding energies of intermediates on catalysts surface. The results 

of our model describe experimental kinetics very well and, for the first time, provide a 

methodology to quantitatively identify elementary surface thermodynamics and give a clear 

description of mutual relation between OER and ORR. Based on this fundamental advancement, 

we further demonstrate the predictive power of our model by rationally developing better 

catalysts based on α-MnO2 in both OER and ORR.  

3.2 Experimental section  

3.2.1 Catalyst synthesis and electrodes preparation.  

The synthesis methods for Fe2O3, Co3O4, RuO2, NiO and α-MnO2 nanostructures are the 

same as that used in our previous work21. RuO2 nanoparticles are prepared through a reported 

method87. To prepare a working electrode, the catalysts were first dispersed in an isopropyl 
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alcohol (IPA)/water (v : v = 1 : 1) solution with a concentration of 2 mg/ml. Since α-MnO2 

nanorods are difficult to be well dispersed in the solution, we mixed α-MnO2 with multi walled 

carbon nanotube (MWCNT) with a ratio α-MnO2 : MWCNT = 4 : 1 to get a well dispersed ink. 

The mixture was sonicated for 3 h to form a well-dispersed solution. Subsequently, 10 l of 

the solution was drop-casted onto a pre-cleaned glassy carbon (GC) rotating disk electrode 

(0.196 cm2). The electrode was dried in atmosphere overnight before electrochemical test. Pt 

and Au electrodes used in this work are purchased from Pine Research Instrumentation and 

have been cleaned prior to electrochemical tests. 

3.2.2 Electrochemical studies.  

Electrochemical tests were conducted on an Autolab PGSTAT 30 with a three-electrode 

configuration. Specially designed glass-free cell, reference and counter electrodes (provided 

by Hangzhou Saiao Electrochemical Technology Co., LTD) were used in all electrochemica l 

tests to eliminate the influence of glass components on the activity of catalysts.88 Saturated 

calomel electrode (SCE, 0.241 V vs. SHE (standard hydrogen electrode)) was used as the 

reference electrode, while Pt plate (~1 cm2) was used as the counter electrode only in the OER 

tests. Considering the severe dissolution of Pt at high potential89, titanium sheet was selected 

as the counter electrode in ORR tests to avoid the re-deposition of dissolved Pt on the working 

electrodes. The electrochemical testing was conducted at a rotating speed of 1600 rpm in 1 M 

KOH electrolyte (pH = 13.72) to minimize mass transport limit. To reduce the effects of 

impurities, high purity KOH (semiconductor grade, 99.99% trace metals basis) was used during 

the electrochemical testing. All polarization curves were corrected by eliminating the iR drop 

in the electrical circuit. Relatively low scan rate (5 mV s-1) was employed to diminish the 

contribution of non-faradic current to the current of polarization curves. The series resistance 

(Rs), mainly originating from ionic conduction in the electrolyte, is in the range of 5.5 to 7.0 Ω. 
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The potentials of polarization curves were compensated based on the following equation: VRHE 

= VSCE + 0.241 + 0.059 * pH – Rs * i. 

3.3 Model description 

3.3.1 Basic assumptions and relations  

Our aim here is to identify the elementary surface thermodynamic origin of reaction kinetics, 

based on which we will be able to predict how to improve catalytic activity or design new 

efficient catalysts. Compared with acidic media, alkaline solution offers higher compatibility 

to most materials, and hence more experimental data are available to test and improve our 

model. In this work, we mainly concentrate on oxygen electrocatalysis in alkaline solution.  

Since oxygen electrocatalysis is extremely complicated and here we intend to give an analys is 

of the two reactions together, we would confine our analysis within the following assumptions 

to avoid unnecessary obstacles. All potentials in this work are referred to reversible hydrogen 

electrode (RHE).  

1) The reactions take place on clean and perfect surfaces with uniform chemical reactivity.  

2) The reactions undergo a general 4 electron-transfer (ET) pathway as shown in equation (3-

1) to (3-4). Different reaction pathways may also be proposed, but it essentially does not affect 

the basic trends in catalytic activity12,43. 

3) Scaling relationship for the binding energy of the intermediates applies in our model but the 

value is slightly modified (equation 3-8) based on experimental data to give a better 

quantitative description of the experimental kinetics. 

4) The activation energy of each elementary step scales with the reaction energy in the BEP  

relationship65,84. Under this scheme, the RDS and PDS (potential determining step, which is 

defined by Norskov et. al.8,12,43) are identical. 
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The oxygen electrocatalysis involves the following elementary reactions: 

M∗ + OH−                 ⇄    M − OH∗ + 𝑒−     (3-1) 

M − OH∗ + OH−      ⇄    M − O∗ + H2 O + 𝑒−    (3-2) 

M − O∗ + OH−         ⇄    M − OOH∗ +  𝑒−     (3-3) 

M − OOH ∗ + OH−   ⇄    M∗ + O2  + H2O + 𝑒−    (3-4) 

The overall reaction is: 

4 OH−  ⇄  O2  +  2 H2O +  4 𝑒−      (3-5) 

where M* refers to the adsorption site on catalyst surface. We use reversible reaction arrow to 

indicate that one reaction such as OER is the back reaction of ORR. This reaction pathway 

involves three intermediates (OH*, O*, OOH*). Elementary surface thermodynamics 

determines the equilibrium potential through Nernst equation. In addition to the above ET steps, 

pure chemical reactions can also take place and sometimes become the RDS. Therefore, we 

name the chemical reaction after the nth ET step as the (n+0.5)th step as the rate equation for 

the chemical reaction as the RDS still obeys the general equation obtained from the electron-

transfer steps.  

      ∆𝐺0 =  −𝐹𝐸0                     (3-6) 

For the overall reaction, E0
O2/OH

- = 1.23 V. For each elementary step, its own equilibr ium 

potential is given by the corresponding reaction energy. Therefore, for each elementary 

reaction, the higher equilibrium potential corresponds to higher energy gap. 

The equilibrium potential for (5) is an average of (1) to (4): 

      𝐸0
O2/OH− =  

𝐸0
1+𝐸0

2 + 𝐸0
3+ 𝐸0

4

4
 =  1.23 V vs RHE            (3-7) 
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The distinct equilibrium potential should, in principle, bring about some typical 

characteristics in the kinetic data. For example, the onset of the overall reaction is controlled 

by the RDS, and other steps (fast steps) will, in principle, take place at potentials prior to the 

OER onset and after the ORR onset. These correlate with the adsorption/desorption of 

intermediates on/from the surface of catalyst to a certain extent depending on surface 

thermodynamics. Since the solubility of O2 in aqueous electrolyte is about 3 orders lower than 

that of OH-,90 the signals associated with fast reaction steps to/from O2 may be too weak to be 

detected by experiments. This is consistent with the experimental results that OH* adsorption 

and oxide film formation can be clearly observed in CV (cyclic voltammetry) scans of metals88 . 

Therefore, only fast steps from OH- such as OH* adsorption is explicit in potential sweep 

measurements. These reactions will form peaks in dynamic potential sweep measurements such 

as CV and LSV (linear sweep voltammetry), which can be used as a characteristic to identify 

surface reactivity and RDS.  
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Figure 3-1. CV curves and Tafel plots for typical OER catalysts. With careful comparison one 

can easily observe that the potential range of peaks is not included in the Tafel region. For 

example, the anodic peak for RuO2 ends at about 1.4 V, at which the linear relation just starts. 

This suggests the OHads adsorbed under the peaks is unreactive intermediates.  



68 
 

3.3.2 Scaling relationship used for kinetic simulation  

Here we provide detailed description of our model and the assumptions used in this work. 

Basically, there are two major corrections to the Norskov’s DFT simulation results. Firstly, the 

offset in the energy of OOH* relative to OH* in the scaling relationship is 3.2 eV, which 

predicts the equilibrium potential of RDS for best OER and ORR catalysts are 1.6 V and 0.86 

V vs RHE respectively. The thermodynamic overpotential for best catalysts is 370 mV, much 

higher than experimental overpotential for state-of-the-art catalysts (about 200 mV for RuO2  

in OER and 200-250 mV for Pt3Ni in ORR91). Generally, thermodynamic overpotentia l 

predicted from DFT calculations are usually higher than their real value. Take Co3O4 as an 

example, the thermodynamic overpotential is 760 mV92, whereas measured overpotential at 10 

mA/cm2 is only about 540 mV and onset overpotential is 300 mV. Hence, a lower offset (2.86 

eV in this work) in scaling relationship value should be adopted to reproduce the experimenta l 

activity trends (equation 3-8). Secondly, the OER activity of some typical materials such as 

Fe2O3 is limited by the first electron-transfer (ET) step predicted by Tafel slope (as shown in 

Figure 3-7). The slope of the scaling relationship between the energy of O* with that of OH* 

is corrected to account for experimental trends (equation 3-9).  

      ∆𝐺OOH∗ −  ∆𝐺OH∗ = 2.86 eV                (3-8) 

      ∆𝐺O∗ =  0.54 ∗ ∆𝐺OH∗ +  0.77 eV               (3-9) 

The relation described by above two equations maybe the major sources of error in simula t ing 

kinetics. As so far no more precise relations has been identified by experiments, we tend to use 

the conceptual relation identified from DFT simulations. 

Here the definition of ∆𝐺OH∗ , ∆𝐺O∗, and ∆𝐺OOH∗  follows that of Norskov’s DFT simula t ion 

work12. With the two equations one can get the energy of O* and OOH* for a given energy of 
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OH*. Then the reaction energy for each elementary step can be deduced (shown in Figure 3-

2).   
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Figure 3-2. Activity volcano plots for oxygen electrocatalysis. Which elementary ET step is 

RDS is shown in the volcano plots. The overall thermodynamic information of a catalyst can 

be deduced once we know its location in the activity volcano plot.  

3.3.3 Adsorption model 

If the adsorption step of a reactive intermediate is too much faster than subsequent step, the 

intermediate adsorption could be treated as equilibrium step. Due to the interaction between 

adsorbed intermediate, the adsorption free energy also vary with coverage, especially at high 

coverage93.   

∆𝐺0′  = ∆𝐺0 +  𝑐𝜃                   (3-10) 

Where 𝑐  is a constant that describes the rate of change of adsorption free energy with 

coverage94. This equation is a general description of intermediate adsorption. When 𝑐 is small 

enough (approaching 0), it becomes Langmuir adsorption isotherm; when 𝑐 is significantly 
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higher than 0, it becomes Temkin isotherm. The coverage of intermediate can only be 

calculated by numerical methods for Temkin adsorption.  

3.3.4 Reaction rate law based on elementary thermodynamics  

Since both OER and ORR are highly irreversible reactions, we directly omit the back 

reaction in RDS in reaction rate equations. This simplification is reasonable as back reaction 

only significantly influences overall kinetics at very low reaction rate, whereas the current 

density measured in experiments at this reaction rate usually exceed the sensitivity of 

electrochemical equipment. Under this treatment, the surface coverage of the reactive 

intermediates generated from RDS and steps after RDS is zero.  

We firstly present the reaction rate equations for OER, based on which that of ORR can be 

easily derived. According to our description in article, n = 1, 2, 3 refers to RDS is first, second, 

third electron-transfer (ET) step for OER. Besides, we use n = 1.5, 2.5 to describe the chemica l 

reaction RDS between ET steps to formulate a general description. n = 4 is least possible in 

OER, thus we do not deduce its kinetics here.  

For n = 1 in OER, velocity of the RDS is given by: 

      𝑣1 = 𝑘1 𝜃M∗ 𝑎OH−                      (3-11) 

where 𝜃M∗ represent the surface coverage of empty catalytic sites, which is 1 for this case. 

𝑎OH−  is activity of OH- in electrolyte, taken as 1 in this work. 𝑘1 is rate constant for reaction 

(1) and is given by: 

      𝑘1 =  𝑘1
0 ∗ 𝑒

𝛼𝐹(𝐸−𝐸1
0)

𝑅𝑇                  (3-12)95 

Where 𝑘1
0 is reaction rate constant under E = 𝐸1

0 vs RHE. 𝛼, usually taken as 0.5 in rough 

analysis, is the transfer coefficient whose influence on Tafel slope is discussed in the main 

context. 𝐹 is Faradic constant of 96485 C mol-1. Here the equilibrium potential of RDS is 

unambiguously used as refence potential to derive kinetics. On this basis, we can quantitative ly 
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simulate the experimental kinetics of proposed elementary surface thermodynamics and, in 

turn, quantitatively identify elementary thermodynamic information from experimenta l 

kinetics.  

For n = 2 and 3, velocity of the RDS is given by: 

      𝑣2 = 𝑘2  𝜃OH∗ 𝑎OH−                     (3-13) 

          𝑣3 = 𝑘3 𝜃O∗ 𝑎OH−                     (3-14) 

𝜃OH∗  and 𝜃O∗ represent the surface coverage of OH* and O*. 𝑘2 , 𝑘3 are given by: 

      𝑘2 =  𝑘2
0 ∗ 𝑒

𝛼𝐹(𝐸−𝐸2
0)

𝑅𝑇                 (3-15) 

      𝑘3 =  𝑘3
0 ∗ 𝑒

𝛼𝐹(𝐸−𝐸3
0)

𝑅𝑇                 (3-16) 

For n = 1.5 and 2.5, velocity of the RDS is given by: 

      𝑣1.5 = 𝑘1.5  𝜃OH∗                     (3-17) 

          𝑣2.5 = 𝑘2.5 𝜃O∗                     (3-18) 

Where 𝑘1.5  and 𝑘2.5 are reaction rate constants for the chemical reaction. Different from the 

reaction rate constants of ET steps, that for pure chemical reaction are independent on potential. 

From equation (3-17) and (3-18) we can understand that, for the catalysts whose RDS is 

chemical reaction, the kinetics is only determined by the surface coverage of intermediates with 

a given reaction rate constant. 

For n = 1.5 and 2, the active sites are either empty or occupied by OH*.  

𝜃M∗ + 𝜃OH∗ = 1                    (3-19) 

Since adsorption of OH is equilibrium step, reaction (1) is in equilibrium. 

𝜃OH∗

𝜃M∗𝑎OH−
 = 𝐾1

0𝑒
𝐹(𝐸−𝐸1

0′ )

𝑅𝑇                    (3-20) 
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Where 𝐾1
0 is equilibrium constant of reaction (1), 𝐸1

0′ is equilibrium potential of reaction (1), 

given by: 

𝐸1
0′ =  (∆𝐺OH∗ + 𝑐1𝜃OH∗  −  ∆𝐺OH− )/𝐹             (3-21) 

From equation (3-19) and (3-20) we can get: 

𝜃OH∗ = 1 −  
1

1+𝐾1
0𝑒

𝐹(𝐸−𝐸1
0′ )

𝑅𝑇

                     (3-22) 

Since 𝐸1
0′ on the right side of equation (3-22) also contains 𝜃OH∗ for Temkin isotherm, the 

equation can only be solved numerically. 

For n = 2.5 and 3, the active sites can be empty, occupied by OH or O. 

𝜃M∗ + 𝜃OH∗ +  𝜃O∗ = 1                   (3-23) 

Reaction (2) is also in equilibrium. 

𝜃O∗

𝜃OH∗𝑎OH−
 = 𝐾2

0𝑒
𝐹(𝐸−𝐸2

0′ )

𝑅𝑇                    (3-24) 

and 

𝜃O∗ =  
𝐾1

0 𝐾2
0𝑒

𝐹(2𝐸−𝐸1
0′ −𝐸2

0′ )

𝑅𝑇

1+𝐾1
0 𝑒

𝐹(𝐸−𝐸1
0′ )

𝑅𝑇 +𝐾1
0𝐾2

0 𝑒

𝐹(2𝐸−𝐸1
0′ −𝐸2

0′ )

𝑅𝑇

                 (3-25) 

The derived formula for kinetics of OER can be easily used for ORR by substituting the 

reactants. In this work, we believe that only the first and last ET step can be the RDS in ORR 

and these two steps are much slower than the rest steps. In this scenario, the middle two ET 

steps have little influence on the overall reaction rate as the intermediate from the first ET 

(OOH*) would rapidly evolve to OH*. Therefore, we can use n = 1.5 or 2 to simulate the ORR 

kinetics if the last ET has the most unfavourable thermodynamics.  

For n = 1 in ORR, 
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      𝑣1
ORR = 𝑘1

ORR  𝜃M∗𝑎O2
                    (3-26) 

In addition to reaction rate constant that vary with potential, the kinetics also depend on 

surface coverage of available active sites and the concentration of O2.  

      𝑘1
ORR =  𝑘1

ORR,0 ∗ 𝑒
−𝛼𝐹(𝐸−𝐸4

0)

𝑅𝑇                (3-27) 

For n = 1.5 and 2, 

      𝑣1.5
ORR = 𝑘1.5

ORR  𝜃OH∗                      (3-28) 

      𝑣2
ORR = 𝑘2

ORR  𝜃OH∗                      (3-29) 

𝑘2
ORR is determined by equilibrium potential (𝐸1

0) of reaction (1). 

      𝑘2
ORR =  𝑘2

ORR,0
∗ 𝑒

−𝛼𝐹(𝐸−𝐸1
0)

𝑅𝑇                (3-30) 

The surface coverage of reactive intermediate 𝜃OH∗  is given by: 

𝜃OH∗ = 1 −  
1

1+𝐾4
0𝑒

−𝐹(𝐸−𝐸4
0′ )

𝑅𝑇

                      (3-31) 

 For both OER and ORR, the steady state current density of the overall reaction is described 

by: 

  𝐽ET = 4𝐹𝑣𝑖                       (3-32) 

The above formulation only considers pure kinetic limitation. When reaction rate increases, 

mass transport limitation will become increasingly significant. The overall reaction rate is 

proportional to the steady state current density (J) that can be readily measured by potentiostat 

equipment. J is given by:  

1

𝐽
=  

1

𝐽MT
 +  

1

𝐽ET
                 (3-33)95  

Note: JMT  is constant at a given reaction condition such as reactant concentration, active 

catalyst surface area and rotating rate for RDE tests. For example, the simulated LSV curves 
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for both typical OER and ORR catalysts well reproduced the experimental trends as shown in 

Figure 3 and 4.  

In the simulation, the coverage of intermediates that appear in above equations refers to the 

“reactive intermediates”, which should be distinguished from “unreactive intermediates” that 

will be discussed next. Here we define “unreactive intermediates” as the adsorbed 

intermediates that only involve in adsorption but do not participate in complete catalytic cycle, 

such as the case of underpotential deposited hydrogen on Pt in hydrogen evolution reaction 

(HER).  

When the reaction rate is slow enough (J = JET), the reaction of RDS could be taken as 

irreversible, which means the back reaction can be neglected. The Tafel slope (b) can be 

calculated from the following equation at 25◦C96: 

𝑏 = 59 /(𝑛 − 1 + 𝛼)  mV/dec     (3-34) 

where 𝛼 is the transfer coefficient with a generally assumed value of 0.5, meaning that 50% of 

the applied overpotential goes toward lowering the activation barrier for the reaction. n refers 

to the nth ET as the RDS. But for ORR, n = 1.5 or 2 when last ET step is RDS. It has to be noted 

that the above equation holds only at the condition where the surface coverage of the produced 

intermediates from the steps prior to the RDS, if any, is very low and the change in covera ge 

doesn’t induce variation in reaction energy, corresponding to the Langmuir adsorption 

isotherm97.  

Table 3-1. Kinetic characteristics for different cases and typical examples 

n Tafel slope/ 
(mV/dec) 

Typical example 

Dominated reactive 

intermediate  
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OER ORR OER ORR 

1 118.2 α-Fe2O3 α-MnO2 none none 

1.5 59.1 Co3O4 Pt/C OH* OH* 

2 39.4 RuO2 - OH* OH* 

2.5 29.6 α-MnO2 - OH* and O* - 

3 23.6 - - OH* and O* - 

Note: Different Tafel slope for a material could take place as the surface property is sensitive 

to preparation and subsequent treatment condition.  

Here we describe the basic process of kinetic fitting to quantitatively resolve elementary 

surface thermodynamics. Firstly, we can use well-developed Tafel slope analysis (Table 3-1) 

to gain a preliminary reaction mechanism, particularly RDS and thermodynamic origin. As 

Tafel slope mainly consider the kinetics at low reaction rate, the information of kinetics at 

higher reaction rate need to be solved from LSV fitting to gain a conclusive result.  



76 
 

1.0 1.2 1.4 1.6 1.8 2.0

0

5

10

15

20

25

30

 

 

 c = 0 (Langmuir)

 c = 10
-2
 

 c = 2*10
-1
 

 c = 5*10
-1
 

 Co
3
O

4

E (V) vs RHE

J
 (

m
A

 c
m

-2
)

Additional overpotential 

caused by Temkin adsorption

1.0 1.2 1.4 1.6 1.8 2.0

0.0

0.5

1.0

 c = 0 (Langmuir)

 c = 10
-2
 

 c = 10
-1
 

 c = 5*10
-1
 

 

 

E (V) vs RHE


O

H
*

c                                                                                 d

1.0 1.2 1.4 1.6 1.8 2.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

J
 (

m
A

 c
m

-2
)

 

E (V) vs RHE

 simulation

 Fe
2
O

3

1.2 1.4 1.6 1.8 2.0

0

1

2

3

 

 

 E
1

0
 = 1.7 V

 E
1

0
 = 1.8 V

 E
1

0
 = 1.9 V

E (V) vs RHE

J
 (

m
A

 c
m

-2
)

a = 10^0.5

= 0.45

a                                                                                 b

 

Figure 3-3. a, Simulated LCV curves of OER catalysts whose activity is limited by first step, 

showing the influence of equilibrium potential of 𝐸1
0 . b, Comparison of fitting result with 

experimental kinetics of a typical catalyst Fe2O3. Detailed value of constants used: JMT = 5 

mA/cm2, a = 100.5, α = 0.45. c, Simulated 𝜃OH∗  for n = 1.5 and 2 as a function of potential, 

showing the influence of coverage induced change of adsorption free energy. d, Simulated 

LCV curves of OER catalysts (n = 1.5) and comparison with experimental kinetics of Co3O4. The 

influence of 𝜃OH∗  on kinetics is clearly shown: the stronger dependence of adsorption free 

energy on 𝜃OH∗ , the higher additional overpotential. Detailed value of constants used:  𝐸1
0 =

1.56 𝑉, 𝐾1
0 = 10−3, 𝑘1.5 = 100, JMT = 5 mA/cm2. Through this simulation, we can deduce a 

conclusion, the kinetics for the catalysts with adsorbed reactive intermediates are also 

significantly influenced by adsorption isotherm.  
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3.4 Results and Discussion 

3.4.1 Relation and difference between OER and ORR 

Based on the above descriptions, the relation between OER and ORR is schematica l ly 

illustrated in Figure 3-4. Figure 3-4a shows that at U = 0, all steps in OER is uphill in free 

energy with the largest step as the RDS, whereas all steps in ORR is downhill and the smallest 

step is the RDS. As a result, the RDS of OER is the fastest step in ORR and vice versa. 

Therefore, to improve the catalytic activity, one should work on its own RDS to tune the 

reaction energy toward the optimal value in OER or ORR.  

 

Figure 3-4.  Schematic illustration of the elementary steps in oxygen electrocatalysis together 

with the activity volcano plots. a, The potential energy diagram of a typical catalyst whose 

surface reactivity is too high for OER but too low for ORR. b, Activity volcano plot for OER 

and ORR derived from modified scaling relationship. The positions of representative catalysts 

are shown. Simulated kinetics of representative catalysts (dotted points) and comparison with 

their experimental data will be presented in the discussion of Figure 3 and 4. The definition of 

the activity descriptor follows that defined by Norskov9,12. The higher free energy of Oads means 

the lower surface reactivity, thus the surface reactivity increases from the right side to the left 

side. The activity for OER is most probably limited by reaction (2) or (3). Reaction (1) becomes 
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the RDS if surface reactivity is too low, and the last step has the lowest probability to be the 

RDS. For ORR, first or last step has the highest probability to be the RDS, which means that 

the activity of ORR is either limited by O2 activation or by H2O formation from adsorbed OH*. 

Figure 3-4b provides a comprehensive overview of the activity trends in OER and ORR. In 

principle, the catalysts sitting on one volcano plot should exhibit the predicted activity for the 

reverse reaction by vertically shifting them to the intersection with the other volcano plot. For 

example, transition metal oxides (TMOs) mostly fall on the right side of the ORR activity 

volcano plot, indicating that the activation of O2 is difficult (Figure 3-5a). Based on the above 

analysis, the ORR activity trends should follow the order of Fe2O3 < Co3O4 < RuO2 < α-MnO2, 

which have been well-reproduced by our electrochemical tests as shown in Figure 3-5b. 

However, the inverse prediction encounters a problem for metals because of the high surface 

reactivity. Transition metals, even noble metals, will undergo serious surface reconstruction or 

oxide formation at high positive potentials, which is a typical phenomenon showing that 

electrochemical environment exerts hasher modification of materials as compared to regular 

heterogeneous catalysis22,34,79. This phenomenon not only makes it difficult to 

straightforwardly predict OER activity of metals from ORR activity volcano plot, but also 

accounts for the undesired metal dissolution, which is a major concern for activity loss in fuel 

cells81.  
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Figure 3-5. Predicted and experimental ORR activity of common transition metal oxides. a, 

Predicted ORR activity from OER activity volcano plot. The intersection points for all the 

TMOs are located on the right leg of ORR activity volcano plot, indicating the RDS of the 

TMOs in ORR should be the activation of O2. Therefore, the higher surface reactivity, the 

higher catalytic activity in ORR. b, Measured ORR kinetics. The activity increases in the order: 

Fe2O3 < Co3O4 < RuO2< α-MnO2, consistent with the predication from our model.  
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Figure 3-6. CV curves for Co3O4 obtained in varying concentration of OH-. The influence of 

reactant concentration on OER kinetics is remarkable: the overpotential increas es 

significantly with decrease in OH- concentration. As the concentration of reactants has such a 

significant influence on overpotential, it is not difficult to understand that experimentally 

measured overpotential for the best catalysts in OER is usually smaller than that in ORR. The 

reactant concentration for OER (typically 1 mol/L) is usually much higher than that for ORR 

due to the lower solubility of O2 (on the order of 10-3 mol/L)90. Moreover, the low solubility 

of O2 also means that the signals associated with fast reaction steps to/from O 2 may be too 

weak to be detected by experiments. This is consistent with the experimental results that 

adsorption/desorption peaks in CV usually can be seen in OER but not common in ORR. 
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3.4.2 Kinetic analysis with the new model 

In electrocatalysis, potential is the driving force, which is similar to temperature or pressure 

in heterogeneous catalysis79. Therefore, voltammetry methods, including LSV, CV and Tafel 

analyses are widely used in the evaluation of electrocatalytic kinetics. Here, through 

comparison between simulated LSV and Tafel plots with experimental data, we manage to test 

the validity of our model. If the simulated kinetics could quantitatively describe the 

experimental kinetics, the parameters in the model would provide valuable elementary surface 

thermodynamic information. With this information, we will be able to predict the way to 

improve the catalytic activity of the resultant catalysts. 

 

Figure 3-7. Fitting of experimental kinetics of the representative OER catalysts and the 

identified elementary surface thermodynamics. a, b, Comparison of simulated LSV and Tafel 
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plots with the experimental data. Simulated kinetics are presented in dashed lines. Here we 

show the kinetic data of Fe2O3, Co3O4 and RuO2 to represent poor, medium and good OER 

catalysts. The reaction mechanism for the three catalysts are different, which can be used to 

test applicability of our kinetic model in describing different reaction mechanisms. c, Potential 

energy diagram derived from kinetic fitting. The RDS of Fe2O3 and RuO2 are shown, whereas 

RDS of Co3O4 is the chemical reaction step which has been shown in Figure 2c. d, The 

positions of the catalysts in simulated activity volcano plot.  

Figure 3-7 a & b show clearly that the experimental kinetics of the representative OER 

catalysts can be well fitted by our kinetic model. Both LSV curves and Tafel plots show 

quantitative consistency between experimental and simulated data, which suggests that our 

kinetic model well describes the kinetics of OER catalysts regardless of activity and reaction 

mechanism. In the process of fitting, several features in experimental kinetics can be used as 

hints to derive elementary thermodynamic information. From Tafel slope we can propose a 

preliminary judgement of RDS and reaction rate law according to Table 3-1. The OER onset 

for the three classes of catalysts differs greatly, which is associated with equilibrium potential 

of RDS. Onset potential is close to equilibrium potential of RDS, which means that this feature 

could be used to deduce thermodynamic information of RDS. In addition, for the cases that 

involve intermediate adsorption prior to RDS, the increase rate of current density with potential 

in LSV is determined by the adsorption isotherm of the intermediates (section 3.3.3). If the 

adsorption energy of intermediate decreases significantly with the intermediate coverage 

(Temkin adsorption), the current density increases slowly with potential, resulting in higher 

overpotential at high current density condition compared with Langmuir adsorption. Since our 

kinetic model is based on elementary surface thermodynamics, the kinetic fitting results could 

provide the detailed information of elementary reactions as shown in Figure 3-7 c & d, where 

the thermodynamic origin of RDS for the three catalysts are clearly shown. Compared with 
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optimal OER catalyst, the surface reactivity of Fe2O3 and Co3O4 should be significantly 

increased to achieve higher activity, which has been demonstrated as an effective method in 

our previous work21. The excellent consistence between simulation and experiments in OER 

not only proves the validity of our model, but also provides a methodology to deduce 

elementary surface thermodynamic information of any catalysts from electrochemical data.  

Based on previous description, our model should also apply in ORR. Similar kinetic 

simulation and experimental data for representative ORR catalysts are given in Figure 3-8. 

Here we present the kinetics for the case of n = 1, 1.5 and 2. For the catalysts with low surface 

reactivity, O2 activation becomes the RDS, for which n = 1 well describes the reaction kinetics. 

Owing to the scaling relationship, the energy barrier for O2 activation and OH* desorption to 

form H2O in ORR would be much higher than the rest steps. Thus, the steps other than O2 

activation and OH* desorption should have little influence on kinetics except for adding two 

electrons per O2 reduction93. As a result, if the last step becomes the RDS in ORR, the reaction 

rate cannot be simply described by equation (3-6) using n = 498. Instead, n = 1.5 or 2 should be 

used to predict the Tafel slope because the middle two steps are much faster than the first and 

last step in ORR, which gives a Tafel slope of 60 mV/dec (chemical reaction within OH* to 

produce H2O as the RDS) or 40 mV/dec. A Tafel slope of around 60 mV/dec at the low 

overpotential region (120 mV/dec can also be detected at the high overpotential region) is 

frequently observed on Pt and Pt based catalysts in ORR99,100, which can be well described by 

our simulation.  

Detailed comparison in Figure 3-8c shows that the macroscopic kinetics for Pt/C and α-

MnO2, two representative catalysts in ORR, can be well described by our kinetic model. In 

turn, we can assign these two materials in the activity volcano plot as shown in Figure 3-8b. 

The high surface reactivity of Pt is manifested by its strong OH* adsorption peak and the oxide 
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formation peak in the CV curve as shown in Figure 4d. On the contrary, α-MnO2 has weak 

electrochemical response, consistent with the identified surface reactivity as shown in Figure 

4b. Considering metal oxidation and the subsequent dissolution have been identified as the 

major cause for the activity loss in the long term electrochemical tests17,101, we can now predict 

that the most efficient ORR catalyst will not only exhibit better catalytic activity (with smaller 

Tafel slope about 40 mV/dec) than Pt but also have much improved stability. The improved 

stability originates from the higher oxidation potential and thus stronger resistance to 

dissolution. 
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Figure 3-8. Comparison of simulated kinetics with the experimental data for representative 

ORR catalysts. a, Simulated LSV of three representative points as shown in b. c, Measured 

LSV of typical Pt/C and α-MnO2 in ORR. d, CV curves of Pt/C and α-MnO2 in N2 saturated 

solution.  
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Based on interpretation of individual OER and ORR, we give our analysis toward their 

mutual relationship. As discussed previously, the fastest step in ORR should be the RDS of 

OER assuming RDS is identical to PDS. As illustrated in Figure 1b, OER activity of metal 

catalysts with high surface reactivity cannot be simply predicted by shifting the position from 

the ORR volcano plot to the OER volcano plot due to changed surface property in OER 

working condition. The specific surface reactivity of the corresponding oxide should take into 

consideration if one intends to derive a good predication. Different from their metal 

counterparts, transition metal oxides are stable in the usual potential range for both ORR and 

OER. Thus ORR activity of transition metal oxides can be well predicted by Figure 3-4 through 

simple shifting, and Figure 3-5b displays the experimental data of common transition metal 

oxides. Although TMOs show lower ORR activity as compared to the noble metal catalysts 

e.g., Pt, their intrinsic stability and potential role in stabilizing metals during ORR are 

attractive102.  

3.4.2 New interpretation of “redox peaks” in CV curves 

For CV curves, no special feature for n = 1 in both OER and ORR is expected due to the 

solely influence of double layer capacitance charging current, which can be visualized from 

the CV curve of Fe2O3 in Figure 3-1. Moreover, very few cases give a redox peak prior to the 

onset of ORR. The case for n = 3 (should not exist in ORR as analysed in the article) is very 

complicated and should be based on the case of n = 2. Therefore, we give a detailed 

interpretation of typical CV curves of n = 2 (or 1.5) in OER, which typically manifest a peak 

(sometimes multiple split peaks) prior to the onset of OER.  
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Figure 3-9. CV curves and Tafel plots for typical OER electrocatalysts. With careful comparison, 

it can be easily observed that the potential range of peaks is not included in the Tafel region. 

For example, the anodic peak for RuO2 ends at about 1.4 V vs RHE, at which the linear relation 

just starts, suggesting that the OHads under this peak is unreactive intermediates.  

In our previous work, we ascribed the peak(s) prior to the onset of OER to the 

adsorption/desorption of OH* due to its strong correlation with surface reactivity and catalytic 

activity21. Recently, we found more and more evidences suggesting that the OH* is the 

unreactive intermediates under this potential. Strictly speaking, a surface is spatially different 

in atomic scale regarding to the chemical reactivity103,104. Owing to the existence of different 

adsorption sites93, which bind to intermediates with different energy, the intermediates could 

be adsorbed at different potential range. Peaks associated with underpotential intermed ia te 

adsorption/desorption has been extensively reported in hydrogen electrocatalysis on Pt, Pd, and 

etc16,80,105. However, many research works suggest that UPD intermediates are not reactive 

intermediates in the overall reaction. For example, Markovic and co-workers observed a strong 

inhibition, instead of strong correlation, of hydrogen oxidation kinetics in the Hupd region on 

Pt surface16. 
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Since the surface chemistry of intermediates adsorption/desorption is incredibly complicated, 

detailed description of all characteristics as observed in the experimental CV curve is beyond 

the scope of this work. A following work to quantitatively describe the features will be 

published elsewhere. In this work, we briefly and qualitatively interpreted some typical CV 

curves based on our understanding. We propose the peaks are associated with adsorption of 

unreactive intermediates (Figure 3-10). Therefore, under the potential, no net reaction occurs. 

The overall reaction can only take place at higher overpotential. But we still believe that the 

CV peaks offer valuable signals of surface reactivity, which can be used as a descriptor to 

identify surface reactivity of unfamiliar materials. Obviously, the higher the surface reactivity 

is, the lower potential occurs for OH* adsorption (Figure 3-1 and 3-11). Moreover, the 

reversibility of OH* adsorption/desorption reflects surface reactivity. For materials with weak 

surface reactivity, the potential difference between the anodic peak and the cathodic peak is 

small and the paired peaks show good symmetry (3-1). On the contrary, the materials with high 

surface reactivity usually manifest asymmetric peaks with large potential difference (Figure 3-

11).  
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Figure 3-10. Illustration of influence of “unreactive intermediates” on reaction pathway. The 

intermediate (OH*) will first adsorb on favourite adsorption sites, which prohibits its 
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evolution to O* due to the strong binding of OH*. But when adsorption of OH* on such 

favourite sites reaches saturation, the subsequent adsorption of OH* will take the relatively 

unfavourite sites that have higher energy, or the pre-adsorbed OH* will be transformed into 

the higher energy state. Then the overall reaction will be energetically feasible to turn over 

on modified surfaces. But for very reactive surfaces, the adsorption of OH* will induce surface 

reconstruction or phase transformation as shown in Figure 3-11.  
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Figure 3-11. Kinetic features for catalysts that undergo serious surface reconstruction or 

phase transformation. a, b, CV and Tafel plots for typical catalysts with high surface reactivity. 

One obvious characteristic is that the shape of CV curve changes significantly after the first 

several cycles due to irreversible phase transformation such as NiO106,107. Moreover, the peak 

difference is quite large.  

The kinetic behaviour of the materials with high surface reactivity, including some oxides, 

hydroxides and most transition metals, is no longer simple in OER due to the high positive 

applied bias. These materials will undergo serious surface reconstruction or oxide formation at 

high applied potentials. Therefore, the measured activity of transition metals in OER usually 

reflects the activity of oxidized metal surfaces. This result suggests that not all adsorbed species 

detected by experiments are reactive intermediates. Inappropriate interpretation of reaction 
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mechanism with such detected unreactive intermediates could be misleading. Therefore, to get 

a conclusive reaction mechanism, one need to quantitatively combine spectroscopic 

investigation with other approaches such as kinetic study and theoretical simulation.  

3.4.3 A surface reactivity descriptor  

Based on the above analysis, the signals of OH* adsorption/desorption could be used as a 

surface reactivity descriptor. Figure 3-12 shows the CV curves of some well-studied metals 

and α-MnO2, whose adsorption property is uncertain.  
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Figure 3-12. CV curves of various materials with different surface reactivity in N2 saturated 

solution. The electrodes were prepared by electrodeposition method. The precursor solution 

for electrodeposition, which contains 0.01 M metal cation such as Cu2+, Pd2+, Ag+, and etc, 

was prepared by dissolving analytical reagent copper chlorine, palladium(II) chloride, silver 

nitrate, potassium hexachloroplatinate, and chloroauric acid in ultrapure water (18.2 MΩ, 

EMD Millipore). Electrocatalyst films were electrodeposited galvanostatically on pre-cleaned 

substrate such as glassy carbon electrode and fluorine-doped tin oxide (FTO) with a current 

density of 0.5 mA cm-2 for 0.1 µM metal film. 

OH* adsorption decreases in the order of Cu > Pd > Pt > Ag > Au, which matches well with 

the surface reactivity trends reported in the literature12. Among the five metals tested, Cu has 
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the highest surface reactivity and the surface is irreversibly oxidized during the anodic scan. α-

MnO2 shows adsorption property like Ag and Au. Therefore, the surface reactivity of α-MnO2 

should be similar as that of Ag and Au, with activation of O2 as the RDS in ORR. This 

prediction is in good consistency with the analysis in the article (see discussion of Figure 3-5).  

3.5 Predictive power in developing better catalysts  

The basic laws obtained from this work make it possible to uncover the elementary surface 

thermodynamics of real catalysts. Based on the information, one can anticipate ways to reduce 

the kinetic barrier to achieve better catalytic activity, which is the ultimate goal of fundamenta l 

research in catalysis. A prerequisite to developing better catalysts lies in the capability of 

rationally tuning the surface thermodynamics. As discovered in our previous work, the surface 

reactivity of transition metal oxides could be controlled by changing the surface density of 

coordinatively unsaturated metal (MCUS) cations.21 This knowledge was developed as an 

effective method to tune the surface thermodynamics. In this section we present example (α-

MnO2 nanorods) to show how to use the identified elementary thermodynamic information to 

develop better oxygen electrocatalysts.  

With the aid of OER kinetics of α-MnO2, we successfully identified its associated 

thermodynamic origin. The Tafel slope (~30 mV/dec)21 manifests that the RDS of OER for α-

MnO2 with low density of MnCUS is the chemical reaction between reaction (2) and (3), or the 

direct recombination of O* to generate O2. Additionally, the dynamic voltammetry of α-MnO2 

in OER does not show any adsorption peaks of intermediates prior to the OER onset, suggesting 

that the reaction energy of the steps prior to the RDS on α-MnO2 is not too much lower than 

that of the RDS. Based on the above analysis, we proposed the most possible potential energy 

profile for α-MnO2 as schematically shown in Figure 3-13a (the corresponding position in 

activity plot is shown in Figure 3-13b). This model gives the following prediction: to achieve 
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better catalytic activity in OER, we should reduce the energy gap of step (3); on the other hand, 

increase in energy gap of step (4) is needed to realize improved ORR activity. 
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Figure 3-13. Rationally developing better catalysts for oxygen electrocatalysis on 

nanostructured α-MnO2 through surface thermodynamic engineering. a, Surface 

thermodynamics of α-MnO2 nanorods in oxygen electrocatalysis Identified from OER kinetics. 

b, Proposed position of α-MnO2 in activity volcano plots of OER and ORR. c, Rationa lly 

developing better OER catalysts based on α-MnO2. d, Rationally developing better ORR 

catalysts based on α-MnO2. The samples are named with treatment environment and 

temperature. Specifically, A and H represent the samples annealed in air and 5% H2/Ar, 

respectively, and numbers are the treatment temperature. 
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Our previous study shows that, by decreasing surface reactivity of α-MnO2, the OER kinetics 

can be significantly improved (Figure 3-13c)21. As predicted from Figure 3-13 a & b, reaction 

(4) is the fastest step in OER for α-MnO2 because of the lowest reaction energy. Hence, it is 

deduced that the RDS in ORR for α-MnO2 would be the adsorption (activation) of O2. In order 

to break the surface thermodynamic limitation, it is necessary to increase the energy gap 

between OOH* and O2. Since O2 is the reactant, whose energy is constant, it is only possible 

to decrease the energy of OOH* (by increasing surface reactivity). By doing that, although all 

other intermediates also bind more strongly on the catalyst surface, the most significant effect 

on the overall kinetics is the increase of the rate of RDS. Our experiments well verified the 

prediction from our model. The ORR activity for α-MnO2 can be remarkably improved by 

increasing surface reactivity. The significantly improved performance of α-MnO2 through our 

prediction and the subsequent experimental verification demonstrate the predictive power of 

our theoretical model.  

3.6 Conclusion  

In order to acquire more complete and conclusive elementary thermodynamic information 

for catalyst design, we need not only combine the study of OER and ORR together, but also 

integrate the valuable outcome of kinetic study, spectroscopic detection and theoretica l 

simulation. This work offers the first attempt to quantitively resolve the elementary surface 

thermodynamic information of oxygen electrocatalysis from kinetic data. Predictive power of 

the mechanistic information derived from our model has been proved on α-MnO2 as an example 

to develop better oxygen electrocatalysts. However, we should say the model/methodo logy 

developed in this work is far from perfect. Instead, this is a starting point of quantitative ly 

resolving underneath elementary processes for catalyst design. Subsequent work is necessary 
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to improve the description of experimental data and make more instructive predictions for the 

design of better catalysts. 
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Chapter 4. Origin of inconsistence between exchange current density with 

activity in oxygen electrocatalysis  

 

Exchange current density has been used to represent activity in hydrogen electrocatalys is. 

However, in oxygen electrocatalysis, including both oxygen evolution reaction (OER) and 

oxygen reduction reaction (ORR), exchange current density usually does not correlate with 

catalytic activity. Here we present a detailed study on this issue to identify the origin of the 

anomalistic phenomena. Through comparison with kinetic behaviour of hydrogen 

electrocatalysis we prove that kinetics of oxygen electrocatalysis and other highly irreversib le 

reactions are predominantly dependent on Tafel slope, instead of exchange current density. 

Low Tafel slope of good catalysts originates from the collective contribution from RDS and 

pre-adsorbed intermediates prior to RDS, which also causes orders decrease in exchange 

current density predicted from Tafel plots.  

4.1 Introduction  

One primarily goal in electrocatalyst design is to minimize overpotential, which is 

determined by exchange current density and Tafel slope93. An ideal electrocatalyst should be 

equipped with exchange current density as high as possible and Tafel slope as low as possible 

at the same time (see Tafel equation)108. The case is simple in hydrogen electrocatalysis, where 

a better catalyst usually has higher exchange current density and lower Tafel slope. The 

consistence between the two determining factors of activity makes it feasible to use exchange 

current density to represent overall catalytic activity. Therefore, the well-known activity 

volcano plots of hydrogen electrocatalysis based on this descriptor gives a good rationale of 

experimental trends and still serve as a basic principle in catalyst design of hydrogen 

electrocatalysts109,110.  
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Tafel equation: 𝜂 =  𝑏[log(𝐽) − log(𝐽0)]  

where 𝐽0 is exchange current density, 𝐽 is current density at overpotential 𝜂, 𝑏 is Tafel slope. 

However, in oxygen electrocatalysis, only Tafel slope usually correlate with overall 

catalytic activity, where good catalysts have low Tafel slope21. But an obviously better catalyst 

(with much lower overpotential) may manifest orders of magnitude lower exchange current 

density and this trend is general in both OER and ORR. This anomalous phenomenon makes it 

inappropriate to use exchange current density to describe activity trends in oxygen 

electrocatalysis. Thus, the activity volcano plots in OER and ORR are based on the 

overpotential at a certain current density25,111 or thermodynamic overpotential9,12. The 

inconsistence between exchange current density with catalytic activity was firstly depicted by 

Conway et al as early as 1987 and a suggestion was proposed that Tafel slope is more suitable 

to describe catalytic activity112. But the origin of the inconsistence still remains elusive, which 

leaves an unanswered question: how to balance exchange current density and Tafel slope in 

designing a new catalyst?  

4.2 Experimental details  

 4.2.1 Catalyst synthesis and electrode preparation 

The synthesis methods for Fe2O3, Co3O4, NiO and α-MnO2 catalysts are the same as those used 

in our previous work21. RuO2 nanoparticles were prepared according to a reported method87 . 

Pt/C (20% Pt on Vulcan XC-72) was purchased from Premetek. To prepare a working electrode, 

the catalysts were first dispersed in an isopropyl alcohol (IPA)/water (v : v = 1 : 1) solution 

with a concentration of 2 mg/ml. The mixture was sonicated for 3 h, and subsequently, 10 l 

of the solution was drop-casted onto a pre-cleaned glassy carbon (GC) rotating disk electrode 

(0.196 cm2). The electrode was dried in atmosphere overnight before electrochemical test. The 

metal electrodes used in ORR (Figure 2) were prepared by electrodeposition method. The 
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precursor solution for electrodeposition, which contains 0.01 M metal cation was prepared by 

dissolving analytical reagent copper chlorine, palladium(II) chloride, silver nitrate, and 

potassium hexachloroplatinate in ultrapure water (18.2 MΩ, EMD Millipore). Electrocatalyst 

films were electrodeposited galvanostatically on pre-cleaned glassy carbon electrode with a 

current density of 0.5 mA cm-2 for 0.1 µM metal film assuming 100% faradaic efficiency.  

 4.2.2 Electrochemical studies 

Electrochemical tests were conducted on an Autolab PGSTAT 30 with a three-electrode 

configuration. Specially designed glass-free cell, reference and counter electrodes (provided 

by Hangzhou Saiao Electrochemical Technology Co., LTD) were used in all electrochemica l 

tests to eliminate the influence of glass components on the activity of catalysts88. Saturated 

calomel electrode (SCE, 0.241 V vs. SHE (standard hydrogen electrode)) was used as the 

reference electrode, while polished high surface Titanium plate (~10 cm2) was applied as the 

counter electrode. The electrochemical tests were conducted at a rotating speed of 1600 rpm in 

1 M KOH electrolyte (pH = 13.72) to minimize mass transport limit. To reduce the effects of 

impurities, high purity KOH (semiconductor grade, 99.99% trace metals basis) was used 

throughout the electrochemical tests. All polarization curves were corrected by eliminating the 

iR drop in the electrical circuit. Relatively low scan rate (1 mV s-1) was employed to reduce the 

contribution of non-faradic current to the current of polarization curves. The series resistance 

(Rs), mainly originated from ionic conduction in the electrolyte, is in the range of 5.5 to 7.0 Ω. 

The potentials of polarization curves were compensated based on the following equation: VRHE 

= VSCE + 0.241 + 0.059 * pH – Rs * i. 

4.3 Results and discussion  

Here we explore in detail the origin of the general inconsistence between exchange current 

density and catalytic activity in oxygen electrocatalysis. We start with a glance of the 
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phenomena by a simple comparison between hydrogen electrocatalysis and oxygen 

electrocatalysis on their representative catalysts. Linear sweep voltammetry (LSV) curves in 

Figure 1 (a, b) show the kinetics of best catalysts in hydrogen and oxygen electrocatalys is. 

HER and HOR (hydrogen oxidation reaction) kinetics on Pt/C is quite fast as the current density 

reaches appreciable value within just several tens of mV, suggesting the hydrogen 

electrocatalysis on Pt/C is approaching reversible. However, the overpotential in both OER and 

ORR is much higher, more than 250 mV is needed to drive oxygen electrocatalysis even on the 

best catalysts. Another frustrating result is that best catalysts in oxygen electrocatalysis are 

only good in one specific reaction such as Pt/C efficient in just ORR but sluggish in OER, 

inverse activity is found on RuO2. The high specificity together with high overpotential make 

oxygen electrocatalysis highly irreversible.  
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Figure 4-1. Electrochemical kinetics of the best catalysts in hydrogen and oxygen 

electrocatalysis. (a) LSV of Pt/C in hydrogen electrocatalysis. (b) LSV of Pt/C and RuO2 in 

oxygen electrocatalysis. (c) Tafel plot of Pt/C in hydrogen electrocatalysis. (d) Tafel plot of 

Pt/C and RuO2 in oxygen electrocatalysis. Electrochemical tests of hydrogen (oxygen) 

electrocatalysis were done in 1 M KOH purged with H2 (O2). All the LSV curves were collected 

by scanning from negative to positive potential with a scan rate 1 mV/s on RDE, 1600 rpm.  

The high catalytic activity on Pt/C stem from high exchange current density (on the order 

of 10-4 A/cm2) and low Tafel slope (35~45 mV/dec). However, the contribution from exchange 

current density and Tafel slope in oxygen electrocatalysis is inconsistent on the two 

representative catalysts. Relatively fast kinetics in oxygen electrocatalysis are positive ly 

contributed by low Tafel slope, but negatively contributed by low exchange current density. 

For example, good activity of RuO2 in OER is positively contributed by low Tafel slope (~ 40 

mV/dec), but negatively contributed by very low exchange current density (~10-9 A/cm2). 

Although RuO2 has 4 orders of magnitude higher exchange current density in ORR (~10-5 

A/cm2), the high Tafel slope in ORR (160 mV/dec) renders its overall low activity in ORR. 

Same trend is found on Pt/C. the inconsistence between overall catalytic activity with exchange 

current density means that overall catalytic activity in oxygen electroctalysis is predominantly 

influenced by Tafel slope, which should overcome the overpotential cost by low exchange 

current density to ensure the overall good activity. The inconsistence has been observed on 

representative catalysts in oxygen electrocatalysis, but is this phenomenon general in oxygen 

electrocatalysis? The trend on more catalysts is examined as shown in Figure 2.  
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Figure 4-2. Collection of Tafel plots and derived exchange current density of representative 

catalysts in oxygen electrocatalysis. (a) Tafel plots of representative catalysts, mainly metal 

oxides, in OER. (b) Tafel plots of representative catalysts, mainly consist of metals and some 

metal oxides, in ORR. Arrows in (a, b) show the consistent trends of decreasing Tafel slope 

and overpotential. (c, d) Trend comparison between exchange current density with activity of 

representative catalysts in oxygen electrocatalysis.  

Firstly, we can obtain basic activity trends and kinetic features in oxygen electrocatalys is 

from Tafel plots in Figure 2 (a, b). The equilibrium potential of oxygen electrocatalysis is 1.23 

V vs RHE, higher than which is the region that OER take place and lower than which is the 

overpotential region that ORR happen. Unfortunately, almost no catalysts show significant 

current density at overpotential within 200 mV in neither OER, nor ORR, which accounts for 
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the major efficiency loss in electrochemical energy conversion devices that involve oxygen 

electrocatalysis as half reaction. Lowest overpotential in OER is only achieved on precious 

metal oxides such as RuO2 and IrO2, whereas earth abundant transition metal oxides either 

manifest medium activity (Co3O4, MnO2 and NiO) or very low activity (Fe2O3 and TiO2). 

Precious metals such as Pt and Pd can catalyse ORR reactions at highest potential region 

(lowest overpotential). Less expensive metals and metal oxides usually show significantly 

higher overpotential in ORR. An obvious kinetic feature of both OER and ORR in general is 

that better catalysts have lower Tafel slope, demonstrating the clear positive contribution from 

Tafel slope to overall kinetics. The trends of exchange current density should be separately 

presented to distinguish its contribution to overall kinetics. 

Considering activity volcano plots based on adsorption free energy of oxygen intermed iate 

(ΔGO*) give an excellent rationale of experimental trends of catalytic activity in oxygen 

electrocatalysis9,12, we plot the exchange current density with ΔGO* in Figure 2 (c, d) to 

distinguish its contribution to overall activity. However, exchange current density of the 

representative catalysts in both reactions are disorderly distributed compared with volcano 

trend of catalytic activity, suggesting exchange current density fails to describe the activity in 

oxygen electrocatalysis in general. The only trend in general is that the relatively low exchange 

current density is usually obtained on catalysts with relatively low Tafel slope. The anomalous 

trends in exchange current density means that it is not appropriate to use exchange current 

density to describe activity trends in oxygen electrocatalysis.  

Since the overall kinetics are contributed by the two parameters inconsistently, the specific 

contribution should be clearly and strictly distinguished from its original form, Tafel equation. 

Based on Tafel equation we give a strict mathematical analysis to identify the individua l 

contribution to overpotential from exchange current density and Tafel slope. Here we consider 

three typical Tafel slope: 120, 60, and 40 mV/dec to represent poor, medium and good catalysts 
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respectively. According to experimental trends in exchange current density, exchange current 

density is inversely proportional with their catalytic activity, say, 10-5, 10-7, 10-9 A/cm2 for the 

poor, medium and good catalysts respectively. From Tafel equation we can distinguish the 

specific contribution of exchange current density and Tafel slope to overall electrochemica l 

kinetics as shown in Figure 3. 
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Figure 4-3. Mathematical analysis of the overpotential contribution from exchange current 

density and Tafel slope. (a) Simulated Tafel plots and (b) Simulated LSV curves for the three 

typical catalysts with different exchange current density and Tafel slope. Mass transport 
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influence has not been taken into consideration in the kinetic simulation as it has same influence 

on three kinds of catalysts.  

Obviously, the intersection point (240 mV) in Tafel plots (Figure 3 (a)) divides the kinetics 

into two regions: at low overpotential range the current density are dominated by exchange 

current density, whereas at high overpotential region overall kinetics are dominated by Tafel 

slope. For irreversible reactions such as oxygen electrocatalysis, significant reaction rate could 

only be achieved at relatively high overpotential range than 240 mV. Thus, the overall kinetics 

are dominated by Tafel slope, which can be clearly observed from simulated LSV in Figure 3 

(b) where current density at visible range only positively depends on Tafel slope. Unlike  

oxygen electrocatalysis, hydrogen electrocatalysis and other relatively reversible catalytic 

reactions usually need operate at much lower overpotential range, say, 100 mV. Thus, the 

overall kinetics of the relatively reversible reactions are exclusively dominated by exchange 

current density, demonstrating the validity of using exchange current density to describe overall 

activity.  

So far, we have proven the overall kinetics of oxygen electrocatalysis and hydrogen 

electrocatalysis are dominated by different parameters from mathematical respect. But a 

mechanistic question arises: why exchange current density is in general inconsistent with 

overall activity? This question could only be clearly answered by combining the traditiona l 

kinetic model80 with latest thermodynamic information on elementary steps from Density 

Functional Theory (DFT) simulation12,43,110.  

The DFT simulation by Norskov and Rossmeisl et al suggests that the irreversibility of 

oxygen electrocatalysis stem from the substantial deviation of thermodynamic potential of 

elementary step from ideal value (1.23 V vs RHE for each electron-transfer step). The best 

catalysts such as RuO2 in OER and Pt in ORR all have more than 300 mV deviation in potential 

determining step (PDS) from this ideal value9,12. Moreover, the scaling relationship between 



102 
 

adsorbed intermediates renders it impossible to tune thermodynamics of each elementary step 

independently78. The scaling relationship results in the optimal adsorption energy for OER 

catalyst is significantly higher than that for ORR catalyst. Therefore, the best catalysts in OER 

and ORR should have quite different surface reactivity. That’s why good OER catalysts are 

mainly metal oxides whose surface reactivity is in general lower than metals that usually used 

in ORR. So, within the constraint of the scaling relationship it is impossible for a catalyst to 

reach highest activity in both reactions, which is the origin of the specificity in oxygen 

electrocatalysis.  

Although DFT simulation straightforwardly provide thermodynamics information of 

elementary steps, which is hard to obtain from traditional kinetic modelling or experimenta l 

techniques, many experimental kinetic features still can’t be directly interpreted with DFT 

simulation results such as Tafel slope and predicted rate determining step (RDS)98. Traditiona l 

kinetic model describes kinetics on overall equilibrium potential, thus it can’t resolve how each 

elementary step contributes overall kinetics. Here we combine the outcomes from two 

approaches to identify the influence of the thermodynamics of elementary steps on overall 

kinetics. Assuming the activation energy of each elementary step scales with the reaction 

energy in the linear Brønsted–Evans–Polanyi (BEP) relationship45,65. Thus, our analysis is 

simplified as PDS also becomes RDS.  

Using OER as an example we can clearly identify the origin of low exchange current density 

for good catalysts. Firstly, we define catalyst I and catalyst II to represent typical good and 

poor catalysts in OER respectively. From traditional kinetic respect, catalyst I has high Tafel 

slope and catalyst II has low Tafel slope. From thermodynamic respect, catalyst I has high 

equilibrium potential of PDS, whereas that of catalyst II should be low. Combining above 

kinetic and thermodynamic features we can specify the details of the representative catalysts. 

For catalyst I, Tafel slope is 120 mV/dec and 𝐸1
0 = 1.75 V vs RHE. For catalyst II, Tafel slope 
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is 40 mV/dec, and 𝐸2
0 = 1.45 V vs RHE and its first step 𝐸1

0′ = 1.40 V vs RHE. The reason 

why first step as PDS should have much higher equilibrium potential than second step has been 

well illustrated by Koper in a theoretical analysis43.  
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Figure 4-4. Influence of surface coverage of adsorbed intermediate on Tafel plots. (a) Surface 

coverage of adsorption sites and OH* with potential. (b) Variation of rate constant for RDS 

(kRDS) with potential. (c) Simulated kinetics showing the influence of the surface coverage. 

Solid lines are log(J/θ) and scatters are log(J) for the catalysts. Tafel region is shown according 

to experimental data. The mass transport influence on overall kinetics in the simulation has 

been taken into consideration97. The value of slope (dE/dlog(J/θ) and Tafel slope, dE/dlog(J)) 

for each catalyst is shown for comparison. (d) Simulated LSV curves. 

Considering a general reaction pathway in OER, the first two steps are: 
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M∗ + OH−                 ⇄    M − OH∗ + 𝑒−    (1) 

M − OH∗ + OH−      ⇄    M − O∗ + H2 O + 𝑒−   (2) 

 

If the first step as RDS, the velocity of RDS is given by: 

𝑣1 = 𝑘1 𝜃M∗ 𝑎OH−                     (3) 

Where 𝑎OH−  is activity of reactant (OH-), taken as 1 for 1 M KOH solution, 𝜃M∗ is unity 

for this case96. 

If the second step as RDS, the velocity of RDS is given by: 

𝑣2 = 𝑘2  𝜃OH∗ 𝑎OH−                     (4) 

Where  𝜃OH∗ can be solved from quasi-equilibrium treatment of first step as it is much faster 

than RDS96,97.  

𝜃OH∗ = 1 −  
1

1+𝐾1
0𝑒

𝐹(𝐸−𝐸1
0 )

𝑅𝑇

                      (5) 

The rate constants depend on the overpotential of individual elementary steps: 

𝑘𝑖 =  𝑘𝑖
0 ∗ 𝑒

𝛼𝐹(𝐸−𝐸𝑖
0)

𝑅𝑇                 (6) 

Assuming 𝑘1
0  =  𝑘2

0 for strict comparison, then the rate constants are exclusively dependent 

on the difference between applied potential with equilibrium potential (overpotential of 

elementary step) of the RDS as shown in Figure 4 (b).  

At low current density range that mass transport limitation has neglectable influence on 

overall kinetics, the steady state current density of the overall reaction is described by: 

  𝐽 = 4𝐹𝑣𝑖                      (7) 

Simulated surface coverage in Figure 4 (a) shows that 𝜃OH∗  increases rapidly with applied 

potential before saturation (𝜃OH∗ = 1). The difference between 𝜃OH∗  and 1 causes deviation 
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between log(J) and log(J/θ) for catalyst II, whereas that for catalyst I are well overlapped due 

to unity value of 𝜃M∗ (Figure 4 (c)). The comparison between log(J) and log(J/θ) clearly shows 

that the Tafel slope for good catalysts is contributed by RDS and fast step prior to RDS, which 

means it is a collective effect. In fact, rate constant for RDS (kRDS) is the primary factor in 

defining catalytic activity as the low coverage of OH* at low potential region actually reduces 

current density of catalyst II. But exchange current density predicted from Tafel plot of catalyst 

II shifts to several orders lower, which results even lower exchange current density than catalyst 

I. Therefore, the influence of pre-adsorbed intermediates for good catalysts is that the Tafel 

slope becomes lower, whereas exchange current density also shifts to lower value. However, 

the overall current density at high overpotential region is still dominated by reaction rate of 

RDS (Figure 4(d)). This is the origin of the inconsistence between exchange current density 

and catalytic activity.   

4.4 Conclusion  

Therefore, for oxygen electrocatalysis and other highly irreversible reactions, directly 

compare exchange current density for different catalysts that have different Tafel slope 

couldn’t provide any conclusive physical meaning. This is because pre-adsorbed intermedia tes 

greatly reduce the exchange current density predicted from Tafel plots. Tafel slope is a good 

activity descriptor because low Tafel slope usually correlate with low overpotential of PDS. 

Thus, we could safely conclude a better catalyst in irrerversible reactions such as oxygen 

electrocatalysis should have lower Tafel slope, developing a catalyst with such kinetic features 

should start from the surface property to control the thermodynamics of elementary steps. 
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Chapter 5. Conclusion  

5.1 MCUS as a surface reactivity descriptor for TMOs in OER  

What’s the major problem for the rational catalyst design in OER?  

Known as the Sabatier principle in heterogeneous catalysis, surface reactivity determines 

catalytic performance, which has been accepted over a century. But for transition metal oxides 

(TMOs), the fundamental relation between surface reactivity and the structure and composition 

remains elusive. TMOs constitute a major group of catalysts for a number of important 

reactions, such as the oxygen evolution reaction (OER), one of the most intensively studied 

electrochemical reactions, which can be found in numerous energy related applications. As a 

result, rational catalyst design in OER is hampered by undiscovered surface reactivity 

descriptor for TMOs.  

 

Scheme 5-1. A general outline of catalyst design. 

Then why the identification of surface reactivity descriptor is so difficult?  

The identification of surface reactivity descriptor for TMOs is primarily prohibited by vast 

divergence in electronic structure of TMOs47. Many TMOs usually could be stably existed in 

different phases. For example, TiO2 has rutile, anatase and brookite structure. Moreover, due 
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to the intrinsic property of d electrons, the metal cations can manifest different oxidation states. 

For instance, the oxidation state of Mn in manganese oxides can be +2, +3, +4, +6, and +7. 

Such a divergence makes the property of one oxide to the next very different. Therefore, 

comparison between oxides to get conclusive trends becomes almost impossible. In our reseach, 

we identified a general and tunable surface structure, coordinatively unsaturated metal cation 

(MCUS), could be used to continuously tune electronic structure of a TMO. The strong 

dependence of surface reactivity on MCUS suggests it can be a good surface reactivity descriptor 

for TMOs. Surface reactivity of a TMO increases monotonically with the density of MCUS 

([MCUS]) at the surface; hence increase [MCUS] improves the catalytic activity for weak-binding 

oxides but impairs that for strong-binding oxides. Based on this surface reactivity descriptor, a 

rational catalyst design principle is proposed in Figure 5-1. 
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Figure 5-1. Rational catalyst design principle in OER by tuning [MCUS] on TMOs surfaces. To 

highlight the influence of MCUS on catalytic activity, only the overpotential of TMOs with the 

highest and the lowest [MCUS] are shown for comparison. The arrows indicate the rational 
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optimization direction: increase [MCUS] for the TMOs on the right (weak binding), while reduce 

[MCUS] for the TMOs on the left (strong binding). The ηexp for Fe2O3 refers to current density 

= 1 mA cm2, while that for the rest TMOs correspond to current density = 10 mA cm-2. 

5.2 Electronic structural origin of the surface reactivity descriptor 

What’s the electronic origin of the surface reactivity descriptor? Why could MCUS well 

describes surface reactivity trends for TMOs?  

The success in identification of the descriptor is attributed to the predictable variation of 

the electronic structure that determines reactivity through tuning [MCUS] on a TMO surface, 

which makes it easier to identify the origin of surface reactivity. Thus, an electronic structure 

model is proposed to describe the observed trends. In this model, the energy of the highest 

occupied d-states of TMOs relative to Fermi level determines the bonding strength of 

adsorbates by affecting the filling of antibonding states. In other words, the energy gap between 

the highest occupied d-states with Fermi level could be the origin of surface reactivity. As 

illustrated in Scheme 5-2, the larger the energy gap, the higher filling of antibonding states in 

the bond of adsorption.  
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Scheme 5-2. A general outline of catalyst design. 

Our model not only well-describes the reactivity trends caused by [MCUS], but also 

successfully rationalizes the surface reactivity of various TMOs for the first time. For example, 

a surface with higher [MCUS] correspond to the lower energy gap between the highest occupied 

d-states with Fermi level, thus the antibonding states are less filled and the bonding is stronger. 

For the surface reactivity difference between TMOs, our model also gives a good rationale of 

why p-type TMOs usually have higher surface reactivity than n-type TMOs. The exploration 

of electronic origin would greatly promote current understanding of surface chemistry for 

TMOs.  

5.3 An electrochemical method for evaluating surface reactivity  

Different from heterogenous catalysis that happen on gas-solid interfaces, in which the 

adsorption of intermediates could be detected by many in-situ methods, the adsorption energy 

of the intermediates in electrocatalysis is very difficult to measure as the catalyst surface is 

buried in liquid. Therefore, until today there is still no direct methods to measure the bond 

strength between adsorbates with catalyst surface in electrocatalysis.  

In this project, we also developed a method to evaluate the surface reactivity of a material 

by electrochemical methods. As shown in equation 5-1, the difference in adsorption energy 

would result in difference in the coverage of adsorbates. Thus, we can use surface coverage as 

a descriptor for adsorption energy and surface reactivity. Surface reactivity determined 

coverage of intermediate is illustrated in Scheme 5-3. 

𝜃 ∝ exp (
∆𝐻𝑎𝑑𝑠

𝑅𝑇
)      (5-1) 
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Scheme 5-3. Schematic illustration of surface reactivity determined surface coverage of 

intermediates. 

The coverage of intermediates in electrocatalysis can be decoupled from the adsorption 

associated capacitance by quantitatively resolving electrochemical impedance spectroscopy 

(EIS)94. The electrical equivalent circuit is shown in Figure 5-2 and the basic relations used in 

calculation the coverage of intermediates are equation 5-2 and 5-3.  

 

Figure 5-2. Electrical equivalent circuit (EEC) for characterization of intermediates adsorption. 

Rs refers to the series resistance in the circuit. Cdl and Cads are the capacitance from double layer 

and intermediates adsorption, respectively, whereas the physical significance of R1 and R2 are 

still under debate but with a general viewpoint that overall charge transfer resistance Rct = R1 

+ R2
12. To account for the deviation of capacitance from ideal capacitive behavior, constant 
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phase elements are adopted in the specific fitting to replace pure capacitors in the equivalent 

circuit.  

𝐶ads(𝐸) = 𝑞 (
𝑑𝜃(𝐸)

𝑑𝐸
⁄ )     (5-2) 

𝜃(𝐸) =
1

𝜎
∫ 𝐶𝑎𝑑𝑠(𝐸)𝑑𝐸

𝐸

𝐸0
     (5-3) 

This method is quite powerful in evaluating surface reactivity and continuously help my 

research in electrocatalysis. It has been continuously used in our group as an important 

characterization method of surface reactivity at working conditions of catalysts. For example, 

it has also been adopted as a fundamental analysis method in revealing the underneath 

mechanism of adsorption energy difference in modified carbon based electrocatalysts113. Since 

the adsorption associated capacitance can also be analyzed from CV curves, recently we are 

developing this method into CV based analysis, which shows excellent consistence of surface 

reactivity for transition metals and TMOs.  

5.4 A new kinetic model for quantitatively resolving elementary surface 

thermodynamics for catalyst design 

The increasing pressure from energy and environment forces human being to search for 

clean and renewable energy technologies such as water splitting and fuel cells. However, the 

efficiency of these technologies is primarily limited by oxygen electrocatalysis, includ ing 

oxygen evolution (OER) and reduction reaction (ORR), due to slow kinetics. To rationally 

design/develop better catalysts, it is essential to identify and control the elementary surface 

thermodynamics as it determines catalytic activity (Sabatier principle). Both tasks are highly 

challenging due to the intrinsic sophistication of electrified solid-liquid interface in 

electrocatalysis. Therefore, rationally design a catalyst to meet for the practical demand is still 

very challenging. Previously, we reported a general strategy to rationally control surface 
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thermodynamics of OER on transition metal oxides through surface structure engineering2 1 . 

Here for the first time, we manage to develop a method to quantitatively resolve elementary 

surface thermodynamics for the catalyst design.  

 

Figure 5-3. (a) Schematic illustration of the elementary steps involved in oxygen 

electrocatalysis and (b) the activity volcano plots (activity map). For the first time, we describe 

the activity trends of OER and ORR in a same activity map. The intrinsic relation between 

OER and ORR is clearly addressed, that is, the rate-determing step (RDS) in OER is the fastest 

step in ORR and vice versa. To rationally design a better catalyst based on a material, the 

elementary surface thermodynamics should be quantitatively resolved as shown in (a). Then, 

direction to improve activity can be derived from its location in activity map in (b).  

By combining the latest conceptual outcomes from different approaches, here we present a 

general and quantitative description of the oxygen electrocatalytic kinetics based on the 

elementary thermodynamic origin, the binding energies of intermediates on catalysts surface. 

Our model describes experimental kinetics very well and gives a clear interpretation of mutual 

relation between OER and ORR. One primary difference of our kinetic model from the 

traditional kinetic model is that our model is based on surface thermodynamics of elementary 

steps and thus offers predictive power in catalyst design. Therefore, our model for the first time 
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provides a methodology to quantitatively identify elementary surface thermodynamics from 

electrochemical kinetics. Based on the identified elementary surface thermodynamic 

information, we will be able to predict how to improve kinetics of an arbitrary catalyst, which 

is demonstrated using α-MnO2 as an example to rationally develop better catalysts in both OER 

and ORR.  

To facilitate the use of our model in catalyst design by other researchers, we are now 

developing a user friendly online App that integrates the detailed calculations. The first version 

will be published for free upon the publish of this work. As for the copyright, users will be 

required to cite this work in their publications that use the online APP as an analysis tool. With 

the assistance of the online App, we hope more researchers will benefit from our model in 

developing more efficient catalysts.  

5.5 Origin of inconsistence between exchange current density with activity in 

oxygen electrocatalysis 

Exchange current density has been used to represent activity in hydrogen electrocatalys is. 

However, in oxygen electrocatalysis, including both oxygen evolution reaction (OER) and 

oxygen reduction reaction (ORR), exchange current density usually does not correlate with 

catalytic activity. Here we present a detailed study on this issue to identify the origin of the 

anomalistic phenomena. Through comparison with kinetic behaviour of hydrogen 

electrocatalysis we prove that kinetics of oxygen electrocatalysis and other highly irreversib le 

reactions are predominantly dependent on Tafel slope, instead of exchange current density. 

Low Tafel slope of good catalysts originates from the collective contribution from RDS and 

pre-adsorbed intermediates prior to RDS, which also causes orders decrease in exchange 

current density predicted from Tafel plots.  
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Figure 5-4. Mathematical analysis of the overpotential contribution from exchange current 

density and Tafel slope. (a) Simulated Tafel plots and (b) Simulated LSV curves for the three 

typical catalysts with different exchange current density and Tafel slope. Mass transport 

influence has not been taken into consideration in the kinetic simulation as it has same influence 

on three kinds of catalysts.  
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