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ABSTRACT 
Water oxidation, an essential step in photosynthesis, has attracted intense research attention. Understanding the reaction pathways 
at the electrocatalyst/water interface is of great importance for the development of water oxidation catalysts. How the water is 
oxidized on the electrocatalyst surface by the positive charges is still an open question. This review summarizes current advances 
in studies on surface chemistry within the context of water oxidation, including the intermediates, reaction mechanisms, and their 
influences on the reaction kinetics. The Tafel analyses of some electrocatalysts and the rate-laws relative to charge consumption 
rates are also presented. Moreover, how the multiple charge transfer relies on the intermediate coverage and the accumulated 
charge numbers is outlined. Lastly, the intermediates and rate-determining steps on some water oxidation catalysts are discussed 
based on density functional theories. 
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1 Introduction 
Modern society relies on the vast energy consumption of fossil 
fuels, which cannot be sustained for long-term development 
without renewable energies. Natural photosynthesis (PS), one 
of the most important processes in the earth, captures a fraction 
of the energy (89 TW) from the total solar illumination to 
Earth (1.24 × 105 TW) [1]. Inspired by natural photosynthesis, 
artificial photosynthesis has been studied for over half-century 
because it holds great promises for substituting fossil fuels with 
clean energies [2]. The general scheme of artificial photosynthesis 
involves driving both the reduction and oxidation half-reactions 
either directly using solar energy through photocatalysis or 
photoelectrochemical (PEC) synthesis or indirectly using solar 
electricity through electrocatalysis [3]. The common chemistry 
is converting and storing electric/photon energy in chemical 
bonds as chemical energy [4–6]. For solar fuel production 
systems, the oxidation of water to molecular oxygen is a critical 
step (or half-reaction) as it provides a viable source of electrons 
for hydrogen generation or the reduction of carbon dioxide [7, 8]. 
For example, sluggish water oxidation is regarded as the 
bottleneck that limits the overall reaction rates, which attracts 
much research attention. 

Indeed, a large number of catalysts have been investigated for 
water oxidation, and their performance has been significantly 
improved for potential future applications [9]. To be practically 
viable, not only the activity and efficiency, but also other 
technical parameters such as stability, scalability, and cost should 
be evaluated based on existing techno-economic analysis models 
[10]. Obviously, activity and efficiency are two important  

factors for any catalysts under consideration that are connected 
to the fundamental properties. In recognition that surface 
chemistry plays a critical role in determining the performance 
of a heterogeneous catalyst but has received insufficient attention 
in recent other reviews, we choose to focus our discussions in 
this article on this point.  

Before going too far, we must recognize that water-splitting 
technologies are far from being economically competitive for 
practical solar fuel productions [10]. One of the main reasons 
that limit progress in this field is the big gap in understanding 
water oxidation mechanisms. The high performance of hetero-
geneous catalysts is often proposed to be originated from their 
unique structures [11]. The water oxidation on heterogeneous 
(photo)electrocatalyst is a unique three-phase chemical reaction 
system, which is strongly determined by the surface interaction 
between the water molecules and the interfaces. For example, 
the vacancy, point defects in bulk materials and surface, the 
exposed lattice facets, the bridge sites, terrace kinks, edge 
structures, and coordination, significantly influence the activity 
of the catalyst. Different from molecular water oxidation catalysts 
that are homogeneously dissolved in water, heterogeneous 
catalysts do not show abundant catalytic sites in a well-defined 
single crystalline surface or unique catalytic sites in a complex 
polycrystalline surface [12, 13]. Such ambiguities greatly increase 
the difficulties in proposing a clear reaction mechanism, the 
lack of which has been a key reason for the sluggish progress 
in finding catalysts that can contribute to practical artificial 
photosynthesis. The problem is further exacerbated for systems 
where charge separation and transfer are convoluted, such as a 
PEC system, where both thermodynamics and kinetics can be  
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highly sensitive to the facets under consideration [14]. Within 
this context, we put together this paper to provide insights on 
structure–property relationships of heterogeneous catalysts for 
water oxidation. It is noted that there have been some excellent 
reviews on the topic of water oxidation. They focus on, for 
example, materials [4, 9], theoretical design [15, 16], and 
overviews of the field [13, 17]. Instead of replicating these efforts, 
we aim to center our discussions round the chemical mechanisms 
by which water is oxidized. We start from a brief introduction 
of water oxidation in natural photosynthesis and move on to 
examine the chemistry of heterogeneous catalyst-based water 
oxidation, including surface reaction pathways, intermediates 
involved, reaction mechanisms, kinetics as studied by techniques 
such as Tafel analyses and rate-law models, as well as theoretical 
density functional theory (DFT) calculations. Our ultimate goal 
is to reveal the relationship between the reaction process and 
the intermediates. 

2 Learn from natural photosynthesis 
Both natural and artificial water oxidation share the same 
chemical natures in neutral or acidic conditions: 2H2O → 
4H+ + O2 + 4e−. Despite the efforts on artificial photosynthesis, 
the lack of suitable water oxidation catalyst is generally regarded 
as a bottleneck for practical industrial applications. Over three 
billion years of natural evolution, an identical chlorophyll (Chl) 
has been chosen and conserved in diverse species (plants, algae, 
and cyanobacteria) [18]. The miracle of natural photosynthesis 
is to drive carbohydrate production by abundant solar energy 
based on the chloroplasts and Mn4CaO5 catalytic cluster, which 
has efficient light absorption, charge separation, and charge 
transfer kinetics [19]. This Mn4CaO5 core catalyzes water 
oxidation to O2 with a maximal turnover frequency of ~ 500 s−1 
and a high turnover number of 106 [20], leaving much for 
scientists to learn in the quest of designing new catalysts. 

The inorganic core in Chl has been well characterized    
by X-ray diffraction (XRD) from the protein complex in its 
dark-stable state Mn4CaO5(H2O)4. Umena et al., for instance, 
provided the high-resolution structure of the PSII crystals at 
1.9 Å (Fig. 1(a)) [21]. The oxygen evolution reaction (OER) in 
natural photosynthesis was initially proposed as the S-state 
cycle of period-four oscillation with flash-induced photolysis 
by Bessel Kok in 1970 [22], which was further developed with 
the fine crystallographic PSII structure in 2001 [23]. It is now 
known that there are five oxidation states (S states) in the PSII 
catalytic cycle, in which four of them (S0, S1, S2, and S3) are 
stable with a relatively long lifetime of up to several seconds, 
whereas the lifetime of S4 intermediate is short [24]. The S 

state of the Kok cycle can be verified in buffer solutions, as 
O2 is only formed in the section of the S3 → S0 transition [25]. 
Recently, the PSII crystal displayed several cycles of oxygen 
evolution with increased activity by the use of electron acceptors 
(e.g., quinone derivative or ferricyanide) [26], which further 
confirmed a four-step catalytic cycle of PSII.  

Although more details about the water oxidation mechanisms 
at the inorganic Mn4CaO5 core remain a topic of debates, its 
fundamental importance to understanding how the catalytic 
cycle of the S states takes place for both artificial and natural 
water oxidation systems is well recognized and agreed upon. 
In the S-cycle model, four successive light flashes are required 
for the O2 generation. According to the femtosecond X-ray 
study by Kern et al. (Fig. 1(b)) [19], the light flash triggered 
charge transfer starting from the dark stable S1 intermediate 
(Mn4(III2,IV2)) to the S2 state (Mn4(III,IV3)) by storing one 
positive charge. In the transition of S2 → S3 with the second 
light stroke, a second Mn is oxidized from 3+ to 4+, forming 
the S3 (Mn4(IV4)) state. The elusive S4 state is a transiently formed 
intermediate in the S3 → S0 transition, which is particularly 
important for the O–O bond formation. After the release of 
another proton and an oxygen molecule, it returns back to  
the S0 state (Mn4(III3,IV)). The findings during the oxygen 
evolution demonstrate some key information: Natural OER 
relies on the positive charges stored in multiple metal sites; the 
reaction takes place through a four-charge-transfer process; 
existing mechanistic studies benefit from the existence of 
long-lived intermediates and the structural information of 
intermediates in angstrom scale. 

3 Artificial water oxidation mechanisms 
Water oxidation reactions are considered to take place 
following a similar process on electrocatalysts, photocatalysts, 
and photoelectrocatalysts. The difference mainly lies in how 
the charges are generated. For instance, a bias is required for 
electrocatalysts, whereas photons are required for photocatalysts, 
and photoelectrocatalysts need both. What’s in common is 
the chemical reaction between water molecules and the 
positive charges on the catalyst surfaces. First, water oxidation 
on heterogeneous catalysts can take place for at least three 
products, to form OH radicals [27], H2O2 [28], or O2. The radical 
and hydrogen peroxide formation is usually more difficult due 
to the higher free energy increase associated with the change. 
Moreover, the radical or peroxide products are less stable [29], 
so that the OER is more general to be desired for many water 
oxidation reactions. 

The sluggish part of the water-splitting reaction is the OER, 

 
Figure 1 (a) The Mn4CaO5 cluster structure showing the distances (in angstroms) between metal atoms and oxo bridges or water molecules.
Reproduced with permission from Ref. [21], © Macmillan Publishers Limited 2011. (b) The oxygen-evolving cycle in photosystem II, showing the
relationship between the redox chemistry at the donor (Kok’s clock) and acceptor sides throughout the oxygen-evolving cycle. Reproduced with permission
from Ref. [19], © Springer Nature Limited 2018. 
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which is the half-reaction occurring at the anode parts (Eq. (1), 

aE  =1.23 V vs. the normal hydrogen electrode) [17]   

+
2 (l) 2(g)2H O O 4H 4e-¾¾ + +             (1) 

By comparison, hydrogen evolution reaction (HER) on the 
cathode generally shows much faster reaction kinetics as 
manifested by a smaller overpotential. Inspired by the mechanisms 
proposed for natural PS, OER is typically understood to proceed 
through four elementary steps, providing four protons and 
four electrons with the release of one molecular O2. The four- 
electron-transfer process in OER increases the complexity of 
electrolysis and accounts for the large energy loss in OER.  

Among many proposed mechanisms, there are two primary 
ones for the OER: water nucleophilic attack (WNA) and 
interaction of two metal-oxo entities (I2M) (Fig. 2(a)) [30]. For 
WNA, as one of the simplest models, it is proposed to work 
through proton-coupled electron (or hole) transfers (PCET) 
between four intermediates (* → *OH → *O → *OOH → *, 
* stands for an active site) on a single catalytic site in a turnover 
(Eqs. (2)–(5)).  

+
2H O * *OH H e-+ ¾¾ + +             (2) 

+*OH *O H e-¾¾ + +                  (3) 

+
2H O *O *OOH H e-+ ¾¾ + +          (4) 

+
2*OOH O H e *-¾¾ + + +               (5) 

Both WNA and I2M paths start with PCET steps including 
the same intermediates such as M–OH and M=O, while the 
major difference is the formation of an O–O bond. Suen et al. 
have reviewed possible OER mechanisms by two classical 
procedures through the oxygen formation from the peroxide 
terminal path and the oxo coupling path, respectively [17]. 
Regarding the WNA mechanism, a M=O species proceeds  
to form an O–O bond through the nucleophilic attack of a 
water molecule and a PCET step. For the I2M mechanism, 
the formation of an O–O bond involves the coupling of   
two neighboring M=O species, which is also named as 
intramolecular oxygen coupling (IMOC) mechanism [31]. In 
addition to proceeding on metal atoms based on conventional 
catalytic considerations, researchers have also suggested that 
the reaction may take place on the lattice oxygen sites [32], 
which is termed as lattice oxygen activation mechanism (LOM) 
or lattice oxygen evolution reaction (LOER). Recently, by using 
in situ mass spectrometry, Shao-Horn et al. [33] and Cherevko 
et al. [34] provided direct experimental evidence that lattice 
oxygen in some active oxides indeed participates in the generation 
of O2 during the OER, respectively. This lattice participation 
mechanism (Fig. 2(b)) is different from the traditional WNA or 
I2M mechanisms and brings new insights for the understanding 
of OER because it does not rely on the formation of M–OH.  

This consideration invokes surface vacancy (□) as yet another 
type of intermediates that may form multiple coordinates  
with lattice metal atoms. Huang et al., for example, found that 
OER could take place through the LOM mechanism on zinc- 
substituted CoOOH catalysts [35] when the frontier orbitals 
of two neighbouring oxidized oxygen atoms hybridize without 
significantly sacrificing metal-oxygen hybridization. Pan et al. 
prepared Si-doped strontium cobaltite (SrCoO3) [36] and 
observed that OER can be enhanced by improved oxygen 
diffusivity. It is also noted that non-metal atoms may also serve 
as the catalytic sites [37, 38].  

Generally speaking, the WNA, I2M, and LOER processes 
may be identified by the catalysts on which the O–O bond is 
formed. For WNA, the O–O bond is formed between an 
electrophilic *O and a nucleophilic water molecule on a single 
catalytic site. For the I2M process, the O–O bond is formed 
between two *O units with radical characteristics on two 
adjacent sites [39]. For the lattice participation mechanism, 
the oxygen in the reactive species may interface/exchange with 
lattice oxygen [35]. For all mechanisms discussed here, the 
intermediates are generally regarded as a key piece of evidence 
that needs to be experimentally verified. 

4 Elusive intermediates detection 
The validation of intermediates during the reaction offers 
critical information on the proposed mechanism [40]. Water 
oxidation on a heterogeneous surface involves bond formation/ 
rupture and lattice atoms through multiple steps. Most proposed 
mechanisms share the same intermediates, such as *, *OH, *O, 
*OOH (* denotes as the active site at the heterogenous catalyst 
as described above), which can be formed either on metal, 
non-metal centers, or lattice vacancies. It is well known that 
the surface of metal oxides can be partially covered with 
molecular H2O or hydroxyl groups, which are likely involved 
in the surface reaction kinetics when the electrode is contacted 
with water in the electrolyte, under applied bias or exposed 
to photon irradiation.  

Surface intermediates are sensitive to interactions between 
water species and catalyst materials. For example, the chemical 
adsorption of water is stable up to 256 and 356 °C on anatase 
and rutile TiO2, respectively [41]. According to the calculated 
*OH formation energy, water is preferred to be adsorbed 
dissociatively as *OH on rutile (110) [42] and anatase (001), 
while non-dissociatively adsorbed on anatase (101) surface 
[43]. Differently, the surface of hematite is relatively stable, 
showing primarily oxygen termination (*O) and molecular 
water covered on (001) [44]. This observation has been attributed 
to the larger formation energy of *OH (ΔGOH − ΔG*) on 
hematite. WO3 is even more inert so that H2O is preferably 
adsorbed in an undissociated molecular form on the (001) 
surface with primarily *O termination rather than *OH [45, 46].  

 
Figure 2 (a) Catalytic cycles for the two primary reaction pathways proposed for the OER. Reproduced with permission from Ref. [30], © Craig, M. J.
et al. 2019. (b) The mechanism suggested for amorphous iridium oxide and leached perovskites with the participation of activated oxygen in the reaction
forming oxygen vacancies. Adapted with permission from Ref. [34], © Macmillan Publishers Limited, part of Springer Nature 2018. 



 Nano Res.  

 | www.editorialmanager.com/nare/default.asp 

4 

For BiVO4, it is revealed that water is adsorbed molecularly  
on the Bi site, according to first-principle molecular dynamic 
calculations [47]. The higher formation energy for *OH 
revealed dissociative water adsorption was more difficult [48]. 
By contrast, surface Fe(II) species enable the formation of 
surface *OH species. Ambient-pressure X-ray photoelectron 
spectroscopy experiments revealed that *OH can exist at the 
interface on a vacuum-prepared α-Fe2O3(0001) surface [44]. 
Oxygen vacancies can decrease *OH formation energy, which 
facilitates dissociative adsorption on h-WO3(100) and forms 
*OH on the surface [49].  

As discussed above, the O–O bond formation is regarded as 
a key piece of evidence for mechanistic studies. Thus, the 
detection of O–O related intermediates is critically important. 
However, due to the high formation energy (or fast depletion 
rate) of *OOH, the observation of this functional group has 
been elusive. More broadly, to validate a reaction mechanism, 
it should be helpful to monitor other intermediates, including 
*OH, *O, and even empty sites, as well. 

Fourier transform infrared (FT-IR) spectroscopy, a structure- 
specific technique, is suitable for detecting these surface 
intermediates and recording time-dependent behaviors [40]. To 
confirm a proposed mechanism and identify active intermediates 
for a reaction, in situ experiments are commonly conducted to 
provide valuable and vital information since such conditions 
can most accurately replicate what happens under realistic 
reaction conditions. Nevertheless, few operando experiments 
have been reported for the study of immobilized electrocatalysts 
at the solid/liquid interface. For water oxidation, researchers 
often use the attenuated total reflection (ATR) technique to 
minimize the strong IR absorption of H2O in the liquid phase 
[50]. By rapid-scan ATR-FTIR spectroscopy (Fig. 3(a)), for  
instance, Frei et al. detected a surface hydroperoxide intermediate 
(830 cm−1, Fig. 3(b)) on Ir oxide nanoclusters under pulsed visible 
excitation of a [Ru(bpy)3]2+ sensitizer for water oxidation [50]. 
With the help of isotope 18O labelling, they identified the surface  

 
Figure 3 (a) Illustration shows an infrared path through diamond ATR 
element. (b) Rapid-scan FT-IR traces in the 900–700 cm−1 region: 610 ms 
(light on) and 1,830 ms spectra (light off) for the photo-oxidation of H2O. 
(a) and (b) are reproduced with permission from Ref. [50], © American 
Chemical Society 2011. (c) The infrared bands of superoxide intermediate 
(1,013 cm−1) and oxidized sensitizer Ru(bpy-h8)3

3+ (1,496 cm−1) on visible 
light-sensitized water oxidation at Co3O4 catalyst in H2

16O. (d) The decay 
following a 476 nm laser pulse is shown for Co3O4 catalyst in H2

16O. (c) 
and (d) are reproduced with permission from Ref. [51], © Macmillan 
Publishers Limited 2014. 

intermediate as an Ir-OOH species. Based on this result, they 
proposed a partial mechanism for water oxidation on Ir oxide 
surface that the O–O bond was formed by the reaction of an 
Irv=O with the attack of H2O. In follow-up work, they achieved 
time-resolved detection of water oxidation intermediates   
on cobalt oxide nanoparticles using a similar experimental 
configuration [51]. One intermediate was surface superoxide 
(1,013 cm−1, Fig. 3(c)), and another intermediate was a Cov=O 
site (840 cm−1, Fig. 3(d)). The different time-dependent behaviors 
of these intermediates indicated that they were associated with 
different catalytic sites. The superoxide intermediate grew on 
catalytically fast sites as O2 evolved with photolysis pulses, 
whereas the Cov=O group were generated on catalytically 
slow sites. 

Combined with electrochemical measurements, operando 
ATR-FTIR spectroscopy can also identify surface intermediates 
under PEC water oxidation conditions (Fig. 4(a)) [52]. By using 
an ATR-FTIR setup, Hamann et al. detected a PEC water 
oxidation intermediate on hematite surfaces [52]. The Fe–oxo 
group displayed an IR vibration absorption with frequency 
in the range of 750–900 cm−1. Moreover, the absorption peak  
at 898 cm−1 appeared at the onset potential above 1.7 V under 
dark or 1.25 V under illumination vs. the reversible hydrogen 
electrode (RHE), where the IR signal corresponded to the current 
built up for water-oxidation. This potential- and light-dependent 
absorption peak was identified as a FeIV=O species (898 cm−1, 
Fig. 4(b)). Based on this finding, the authors established a PEC 
water oxidation mechanism (similar to Eqs. (2)–(5)) on hematite 
that a Fe=O species was formed as the first oxidized product 
by valence-band holes. Subsequent attack by a H2O molecule 
could produce a peroxide intermediate on the surface that 
generates oxygen during the following steps [52]. Using similar 
operando ATR-FTIR spectroscopy, Zhao et al. investigated 
O–O bond formation pathways for PEC water oxidation on 
hematite photoanode in less basic electrolytes [39]. They 
identified a potential-dependent vibration band to a superoxide 
group (1,100 cm−1, Fig. 4(c)). By adjusting the pH of the 
electrolyte, the authors observed that this IR band was most 
prominent at pH 8. Its intensity decreased with increased 

 
Figure 4 (a) The schematic of the set-up used for operando PEC ATR-IR 
measurements. (b) Infrared spectra of hematite at constantly applied 
potentials from 1.13 to 1.63 V vs. RHE, under illumination. (a) and (b) are 
reproduced with permission from Ref. [52], © Macmillan Publishers 
Limited 2016. (c) FT-IR spectra on the hematite photoanode under 
illumination in unbuffered pH 8 electrolyte at 0.6–1.6 V vs. RHE. (d) FT-IR 
spectra on the hematite photoanode under illumination with an applied 
potential of 1.6 V vs. RHE at different pHs. (c) and (d) are reproduced 
with permission from Ref. [39], © American Chemical Society 2018. 
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pH and vanished at pH 11 (Fig. 4(d)). The IR frequency of 
superoxide group formation is consistent with the scattering 
peaks (800–1,350 cm−1) on NiOOH by surface-enhanced Raman 
spectroscopy [53]. The pH-dependent IR absorption indicated 
that the observed superoxide only accumulated under near- 
neutral conditions, where the surface hole transfer happened 
through the WNA mechanism [39]. Recently, we applied 
surface-enhanced infrared absorption spectroscopy in the 
ATR geometry for monitoring the O–O bond intermediates 
formation on CoOx(OH)y electrocatalyst during water oxidation, 
where it can be used to identify whether the water molecules 
are involved in WNA or I2M (IMOC) process [54]. All 
aforementioned works demonstrated that the understandings 
of the structure and kinetics of intermediates provide critical 
information on the identification of the water oxidation 
mechanisms, promoting the design of efficient water oxidation 
catalysts [40, 51].  

Besides FT-IR, transient absorption spectroscopy in the 
ultraviolet–visible region also shows a correlation to PEC 
signals. The various absorption features can be assigned to band 
absorption due to electrons or holes [55], as well as positive 
equivalents (e.g., Fe=O). For instance, the absorption band 
attributed to Mn3+ at 510 nm was observed on -MnO2 films 
at its onset potential [7]. The transient absorption of anatase 
TiO2 photoanode showed visible absorption at various applied 
potentials [56], corresponding to hole absorption in TiO2.  

5 Reaction kinetics as studied by Tafel analysis 
Based on the identification of the intermediates and the 
understanding of possible reaction mechanisms, one may ask 
critical questions such as, “what is the fundamental limitation 
for water oxidation?” and “how to increase the intrinsic reaction 
kinetics of water oxidation?” Practically, one may increase 
the applied voltage between the electrodes to accelerate the 
water oxidation rate on the electrocatalyst. The Tafel equation 
can be used to describe the relationship between the applied 
overpotential and the current density [57, 58]. Under this 
condition, the mass transfer of all other steps, such as the charge 
mobility, water, ions, and gas diffusion is assumed fast 
enough, so that only the electrochemical potential affects 
the electrochemical reaction rate. Thus, the current can be 
expressed as follows 

logη a b i= +                 (6) 

where 2.303RTb
αnF

=  is the Tafel slope, i is the current density,  

n is the number of transferred charges in the reaction, F is the 
Faradaic constant,  is overpotential,  is the transfer coefficient, 
R is gas constant, and T is temperature. 

The Tafel slope b represents how the current changes with 
the overpotential. For the ideal transfer coefficient (e.g.,  is 
0.5 for metal) and single electron transfer reactions, the Tafel 
slope is 120 mV·dec–1. For multiple charge transfer reactions, a 
smaller Tafel slope could be observed, indicating that current 
densities increase faster with a smaller increased overpotential. 
Since most electrochemical reactions involve multiple-electron 
transfers, the Tafel slope can be deduced from microkinetic 
calculations that the number of electrons transferred before 
the rate-determining step (RDS) should also contribute. 
According to an early study [58], when the RDS involves a 
single-electron transfer process, the Tafel slope of the overall 
reaction could be 120 or 40 mV·dec–1. When the RDS involves  
a non-electron transfer process, the Tafel slopes will be 60 or 
30 mV·dec–1. However, the ambiguity is the difficulty in the 

confirmation of the RDS and intermediates on other materials, 
where the initial state may not be 100% covered by * site   
(on RuO2). Thus, the importance of understanding surface 
intermediates becomes clear. 

The electrochemical reaction kinetics is sensitive to the 
nature of the intermediates, as the intermediate coverage varies 
with the applied potential. In the comprehensive Tafel slope 
calculation reported by Shinagawa et al. [57], they elucidated 
how the Tafel slopes were influenced by the surface intermediate 
coverage, and even the RDS of the whole reaction was the 
same. In their simple multiple-step (5-step, Eqs. (7)–(11)) 
reaction model, four intermediates such as *, *OH, *O, and 
*OOH on the surface as an electrocatalytic site for the OER 
cycle were studied in an alkaline solution. The RDS in the first 
step would limit all the following reaction steps so that the 
Tafel slope of the whole reaction will be 120 mV·dec–1 just like 
a single-electron transfer reaction. For example, when the *OH 
formation is the RDS in Eq. (7), and the surface intermediate is 
highly covered by empty site *, or when the *OOH formation is 
the RDS (in Eq. (9)) and the surface intermediate is dominated 
by *O, a slope > 120 mV·dec–1 will be detected.  

OH * *OH e- -+ ¾¾ +                       (7) 

2OH *OH *O H O e- -+ ¾¾ + +              (8) 

*O OH * OOH e- -+ ¾¾ +                  (9) 

2*OOH OH * OO H O- -+ ¾¾ +             (10) 

2*OO * O e- -¾¾ + +                      (11) 

Recently, Liu et al. further addressed the issue connected  
to intermediate coverage. The surface intermediate coverage 
varies with the formation energy of intermediate and applied 
potential (in Fig. 5(a)) under steady-state conditions [59]. A 
three-dimensional (3D) plot of intermediate coverage shows 
each of the changes of intermediates with the applied potential 
and the catalyst adsorption. Even the RDS is in the first *OH 
formation step (with the ΔGOH below 2.2 eV), the surface can be 
covered partially by *OH termination at high applied potentials.  

 
Figure 5 (a) 3D map showing coverage of OER intermediates (M*, OH*, 
and O*) vs. applied potentials and OH* adsorption energies. (b) Tafel 
plots of the as-synthesized RuO2. The inset shows a schematic illustration 
of the change in surface coverage of OH* with an increase in overpotential. 
(a) and (b) are adapted with permission from Ref. [59], © American 
Chemical Society 2020. (c) Computed surface pH–potential phase diagram 
of hole coverage for a rutile-type IrO2 (110) surface. (d) Measured Tafel 
plot from pulse voltammetry of IrOx/Ti-250 °C. (c) and (d) are adapted 
with permission from Ref. [60], © Nong, H. N. et al. 2020. 
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In Fig. 5(b), assuming the RDS was in the second step (e.g., *O 
formation), they showed a Tafel slope of 110 mV·dec–1 on RuO2 
[59]. It is worth mentioning that the Tafel slope decreased 
once the RDS was closer to the end step of a series of steps. In 
addition, the surface intermediates could switch from empty 
sites to *OH-terminated sites with increased overpotentials.  
In Fig. 5(b) [59], the Tafel slope changed due to changed 
intermediate coverage (*OH domination) with the overpotential 
during the electrochemical measurements, and the measured 
Tafel slope was 41 mV·dec–1 for RuO2 around the onset of OER. 

Except for surface intermediate coverage, surface charge 
density also affects the Tafel slope. According to a recent 
capacitive charge storage study on IrOx, Nong et al. [60] have 
demonstrated the charge storage influence on the OER rate 
by DFT calculations. The theoretical equilibration of IrO2 (110) 
surfaces in water showed that the surface hole density (θh+) is 
dependent on both the potential and pH (Fig. 5(c)). The 
calculated Tafel plots are in good agreement with experimental 
results on crystalline IrO2, where the experimental Tafel 
plot shows the Tafel slope of 39 mV·dec–1 below 1.54 V and 
64 mV·dec–1 above 1.54 V (Fig. 5(d)). The change in the Tafel 
slope can be ascribed to a change in surface hole coverage under 
the applied potential (diagram in Fig. 5(c)) rather than to the 
surface intermediates coverage change [57]. The kinetics 
and Tafel analyses of those (photo)electrocatalysts provide 
information, such as how the charges are transferred through 
the interface between the electrocatalyst and the electrolyte. 

It is noted that for a reaction with the same intermediate 
formation as RDS, different Tafel slopes could be obtained at 
low or high overpotentials. On the other hand, reactions with 
different RDS steps and consecutive reaction steps may display 
the same Tafel slope. Therefore, the choice for a suitable reaction 
mechanism should be based on collective examinations more 
than the Tafel analysis alone. 

6 Rate-law studies  
The reaction kinetics on electrocatalysts has been studied by 
more than Tafel analysis. Fundamentally, the reaction kinetics 
of water oxidation depends on how the reactants (water or 
hydroxyl anions, positive charges) are consumed at the solid/ 
electrolyte interface. In the electrolysis, the positive overpotential 
is applied at the solid/electrolyte interface to modulate the anodic 
current, where the potential mainly drops in the Helmholtz 
layer for the metal electrocatalysts. However, for less conductive 
electrocatalysts or photoelectrocatalysts, the potential drop 
in the Helmholtz layer strongly depends on both the applied 
potential and carrier density. Therefore, it is important to monitor 
how the positive charge density influences the reaction kinetics. 
In principle, the rate-law of the water oxidation can be written 
as follows 

( ) [ ]WO 2= H Oβ γJ k' h+⋅ ⋅            (12) 

where J and WOk'  are the current density (reaction rate) and 
rate-constant, respectively, and the hole density (h+) and water 
concentration [H2O] (supposing the reactant is H2O; if OH− is 
the reactant, the system can be treated accordingly) are 
considered;  and  correspond to the reaction order of the 
reactant holes and water, respectively. It is well known that 
water in the electrolyte is in a large concentration that changes 
very little during the reaction, and the concentration of H2O 
could be treated as a constant (when the activity of H2O   
was alternated in the water-in-salt system [54], the reaction 
mechanism could be too much complicated to clarify). Thus, 
a simpler one could be shown 

( )WO= βJ k h+⋅                 (13) 

With the above equation, Durrant’s group initiated the 
rate-law study of chemical reaction at the electrode interface 
to investigate how the reactants (e.g., the charge) contribute  
to the reaction kinetics. It can be converted to the following 
equation 

( )WOlog = log logJ k β h++            (14) 

By using this rate-law expression, one may predict the 
reaction mechanism based on information on how masses, such 
as charge, water molecules, and ions, are involved in the surface 
chemical reactions. However, there are relatively few experimental 
works focusing on the reaction order studies. Peter et al. 
developed photoelectrochemical impedance spectroscopy (PEIS) 
and intensity-modulated photocurrent spectroscopy (IMPS) 
techniques [61], where a 1st-order reaction was proposed in 
many PEC systems, including some water oxidation systems. 
In recent years, Durrant et al. employed photoinduced 
absorption spectroscopy coupled with transient photocurrent 
techniques on oxide surface during PEC reactions, to monitor 
the reaction kinetics of surface holes (may be intermediates or 
equivalents) [56, 62–64]. Zhao and his coauthors applied PEIS 
and operando FT-IR spectroscopy to probe the surface holes 
on hematite under steady-state illumination conditions [39]. 

For water oxidation, all the reaction orders from the 1st to 
4th ones have been reported, indicating all scenarios of charge 
consumption are possible. For example, the most reported 
reaction order is 1st, which implies a single charge transfer process 
is the RDS of the overall reaction. Durrant et al. showed that 
both α-Fe2O3 [62] and BiVO4 [63] photoanodes displayed 
first-order reaction kinetics at lower surface hole densities  
(e.g. < 1/nm2). They found that the 1st-order kinetics was 
consistent with the measured charge lifetimes. The first-order 
behavior was explained by the hypothesis that a single surface 
hole is required to overcome the RDS in water oxidation at 
low surface hole densities. In a different group, Zhao and 
co-authors [39] observed a 1st order reaction at pH 8.0–10.0 on 
hematite when the charge density is lower than 0.8 hole/nm2 
(Fig. 6(a)). The reaction is supposed to occur through 
nucleophilic attack of a water molecule to form O–O bond 
(WNA mechanism), according to the successful detection of 
stretching vibration at 1,100 cm−1 from the intermediate (*-OOH) 
in Fig. 4(c).  

For reaction order higher than 1, it indicates the reaction 
involves multiple charges consumed in a single elemental 
reaction step or in a multiple-step process in a single cycle.  
In Durrant’s work on anatase, a second-order reaction was 
observed on TiO2 with respect to holes in acidic and neutral 
conditions (Fig. 6(b)) [56]. They concluded that water oxidation 
on TiO2 required multiple holes (or oxidized equivalents) to 
accumulate and overcome the RDS. The pH effect was also 
observed on hematite. A reaction order of 2.4 on hematite was 
obtained by Zhao et al. (Fig. 6(a)), when testing in alkaline 
NaClO4 electrolyte (pH 13.6) [39]. They interpreted that the 
rate-limiting formation of O–O bond occurred through two 
*O coupling at neighbouring surface trapped holes.  

Durrant et al. were among the first to observe 3rd order 
water oxidation reaction kinetics on hematite [62], anatase 
TiO2 [56], and BiVO4 [63] photoanode in the presence of a 
high hole density (Fig. 6(c)). Patzke’s group recently observed 
the 3rd-order reaction kinetics on hematite photoanode in the 
presence of two surface states at 0.9 and 1.3 V, respectively, 
which was later interpreted as that the O–O formation was the 
RDS [65]. In their other two works on hematite, they observed  
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Figure 6 (a) Relationship of photocurrent densities and surface hole 
densities of pH 10.0 and pH 13.6 under illumination at 1.23 V vs. RHE. 
Reprinted with permission from Ref. [39], © American Chemical Society 
2018. (b) Photocurrent vs. surface hole density and pH on TiO2 at 
steady-state conditions during the oxidation of water (at 1.5 V vs. RHE). 
Reprinted with permission from Ref. [56], © American Chemical Society 
2017. (c) Reaction rate vs. surface hole density for the α-Fe2O3 (β = 1, β = 3), 
TiO2 (β = 3), WO3 (β = 1, β = 2.5) and BiVO4 (β = 1, β = 3). Reprinted with 
permission from Ref. [64], © Mesa, C. A. et al. 2019. (d) Rate law plots 
of the water oxidation current density vs. the concentration of MOOH(++) 
states for FeOOH (orange), Ni(Fe)OOH, and FeOOHNiOOH (green). 
Reprinted with permission from Ref. [68], © Francàs, L. et al. 2019. 

2nd order kinetics on bare hematite nanorods array [66] but 3rd 
order kinetics on mesocrystal-based hematite photoanode 
[67]. For the 4th-order reaction, it is only reported on Ni/Fe 
oxyhydroxide films (Fig. 6(d)) [68]. Ni(Fe)OOH, FeOOH,  
and NiOOH electrocatalysts all exhibited a reaction order   
of approximately four when the current density ranged from 
20 A·cm–2–1 mA·cm–2. By rate-law analysis, Durrant et al. 
suggested that the RDS for each catalyst involves the accumulation 
of corresponding oxidized states: three holes for 3rd-order one 
and four holes for 4th-order one, respectively.  

However, these reports did present discrepancies concerning 
certain materials (e.g., hematite) that can enable 1st, 2nd, and 3rd 
order reactions within the context of water oxidation. Cautions 
must be taken in interpreting the data. For instance, charge 
transport limitation (such as the diffusion distance) and charge 
densities, as well as pH, can all influence the measurements.  
It is well known that surface chemical intermediates will change 
with pH, potential, and photon irradiation intensity. Surface 
coverage may be another important factor that alters the 
reaction mechanisms. With these caveats noted, we emphasize 
that kinetic studies of water oxidation will likely play an 
important role in elucidating the reaction mechanisms on 
heterogeneous catalysts.  

As discussed above, kinetic studies of water oxidation catalysts 
showed that the reaction is sensitive to charge densities. Based 
on calculations, high-reaction order can be attributed to 
multiple-charge accumulation. As an example, it is shown in 
Fig. 7(a) that the surface holes are assembled and equilibrated 
with triply oxidized equivalents for the RDS [64]. If starting 
from empty sites, three holes are used to convert surface positive 
equivalents (in green), which are discrete on the surface. Next, 
photogenerated holes accumulate near the catalytic sites through 
lateral diffusion, until the charges convert to form an oxidized 
cluster with triply oxidized charges (in blue) and enable O–O 
bond formation (in purple). The following step results in the  

 
Figure 7 Mechanistic insights on water oxidation: (a) schematic of the key 
steps in the proposed third-order water oxidation reaction. Equilibration 
between three surface holes and M(OH)–O–M(OH) sites is followed by 
O–O bond formation as the RDS, which is followed by fourth oxidation 
and O2 release. Adapted with permission from Ref. [64], © Mesa, C. A. et al. 
2019. (b) Simple schematic representations of the water oxidation process 
based on the experimental observations for FeOOH. Adapted with 
permission from Ref. [68], © Francàs, L. et al. 2019.  

dimer (O=IVFe–O–FeIV=O) formation by oxidation of the second 
FeIII–OH, which corresponds to two neighbouring holes on 
the hematite surface. To overcome the RDS, additional holes 
are required to form the O–O bond. In the end, the 4th hole 
facilitates the O2 release and enables another H2O binding to 
the active site. The authors presented that water oxidation  
on hematite through the stepwise oxidations reminded us of 
how the Mn4CaO5 cluster in natural PS works: The reaction 
requires multiple oxidized equivalents that can aggregate on 
different sites. The O–O bond formation can be detected on 
hematite photoanode by Hamann’s method [52]. While for 
Fe=O intermediates, it has been detected by the transient 
absorption spectroscopy as surface holes. Figure 7(b) depicts  
a simple mechanistic scheme for the 4th-order reaction on 
Ni(Fe)OOH electrocatalyst. As shown above, Durrant et al. 
found that FeOOH, Ni(Fe)OOH, and FeOOH/NiOOH could 
display fourth-order kinetics [68]. Although directly probing 
reactive intermediates during water oxidation is extremely 
difficult, spectroelectrochemical characterization showed the 
concentration of oxidized species. Without separately inves-
tigating short-lived reactive intermediates, they proposed that 
four oxidized species were required to overcome the RDS.  

7 Prediction by density functional theories  
As shown above, the reaction kinetics can be experimentally 
studied through the Tafel method and rate-law analyses, where 
both techniques help to reveal correlations of the experimental 
observations with the RDS and surface intermediates. However, 
the conclusions are usually speculative with significant 
uncertainties. Moreover, the reaction model as shown in   
Eqs. (13) and (14) is still highly rudimentary, thus no definitive 
relationship can be easily established yet. To better understand 
the catalytic process and identify the promising candidate 
materials or structures, first-principle calculations, for example, 
DFT can be developed to deal with ideal single crystalline 
surface and can be applied to calculate the energy levels of 
various intermediates [69].  

One typical approach is widely applied using the four 
intermediates through a four-step charge transfer reaction 
(Eqs. (2)–(5)). In a pioneering work, DFT predictions have been 
developed by Valdés and Nørskov [70–72], where numerous 
theoretical predictions of water oxidation have been carried 
out on various metal oxides [73, 74]. The energy barrier between 
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each intermediate state was the free energy increase (ΔGn), 
which can be roughly regarded as the minimum activation 
energy (Ea) in kinetics. In principle, the overpotential is 
determined by the largest free energy increase (η = max[ΔG1, 
ΔG2, ΔG3, ΔG4]/e − 1.23 V) of the four steps. Ideally, in Fig. 8(a), 
the oxygen evolution catalyst should have a minimum 
overpotential (η = 0) when each of the four intermediates  
has the same free energy increase (1.23 eV) [73]. Thermo-
dynamically, ideal electrocatalysts can meet this requirement; 
however, no real catalysts are expected for practical demonstrations 
of such a scenario. 

Encouragingly, DFT calculations showed good agreement 
with experimental results on those state-of-the-art electrocatalysts. 
For example, Rossmeisl and Nørskov[71] investigated (110) 
surfaces of RuO2 and IrO2, where lower overpotentials were 
obtained due to the weak O binding but strong *OH binding on 
the surface. In a recent work on Cr5Ru3O16 [75], the formation 
of *OOH was found to be the RDS with an energy barrier of 
1.87 eV, which is smaller than that on RuO2. For IrO2[76],  
the highest energy barrier (ΔGO − ΔGOH = 1.73 eV) on (110) 
surfaces is related to the conversion of *OH to form *O 
intermediates, corresponding to an overpotential of 0.5 V. As 
for lithium amorphous iridium oxide (Li-IrO2), an overpotential 
of 0.4 V was calculated [76], which corresponded to the empty 
* intermediate formation.   

The energy levels between intermediates display the bonding/ 
interaction between the metal and oxygen. In previous work 
on LaMO3 perovskite oxides, Man et al. found a linear 
relationship (ΔGOOH − ΔGOH = 3.2 eV) between the *OOH and 
*OH intermediates [73]. Based on this linear relationship, a 
descriptor of ΔGO − ΔGOH has been developed for catalyst 
optimization in the volcano plot (Fig. 8(b)). For example, 
when ΔGO − ΔGOH > 1.6 eV for TiO2, it indicates a weaker *O 
binding strength between the metal site and oxygen, so that it 
is easy to form an *OOH intermediate. When ΔGO − ΔGOH < 

1.6 eV, it indicates a stronger *O binding strength and *OOH 
formation as RDS. This scaling relationship has been applied in 
developing a new perovskite electrocatalyst [36, 77]. Generally, 
the main descriptor corresponding to the bonding strength 
between oxygen (or oxygenated intermediates) and the catalytic 
surface site, obeys the Sabatier principle: It is necessary to 
balance the interaction, neither too strong nor too weak [78].  

This simple principle was successful in explaining an important 
observation: Fe2O3, TiO2, WO3, and BiVO4 are not highly active 
electrocatalysts for water oxidation under dark conditions, even 
though they have been widely studied as efficient photocatalysts. 
The binding between the metal site and oxygen is much weaker 
than expected because the descriptor ΔGO − ΔGOH is usually 
larger than 1.6 eV. For hematite, Hellman et al. found that the 
*O formation with an energy barrier of 2.09 eV was the RDS 
on (001) surfaces of the pristine oxygen-terminated crystal 
[79]. For anatase TiO2, the *O formation was regarded as the 
RDS on (101) with an energy barrier at 2.62 eV [80]. For WO3, 
the *O formation could be the RDS on (200), (020), and (002), 
with the energy barrier of 2.27–2.33 eV, respectively [72]. For 
BiVO4, the RDS can be *O formation on (110) [81] and (011) 
[82] facets. It is worth noting that the DFT calculations are 
generally carried out on conventional WNA and I2M pathways 
on metal sites. It is also successful on other mechanisms, 
including LOM processes on perovskite oxides [33, 77] and 
Co-Zn oxyhydroxide [35].  

For the purpose of decreasing the overpotentials of water 
oxidation on metal oxide surfaces, a number of approaches 
have been proposed to manipulate the energy barriers for 
various intermediates in the four-step reaction. For instance, 
Zhang et al. have found that the oxygen vacancy concentration 
is most effective in reducing the OER overpotential on hematite 
(110) surfaces [83], where a low overpotential of 0.47 V is 
predicted for 1.26 vacancies·nm–2. A low overpotential of 0.52 V 
was found for the (100) surfaces with a bridge site configuration  

 
Figure 8 (a) Gibbs free energies for ideal (red) and actual (blue) catalysts. (b) Activity trends towards oxygen evolution in volcano plot with a descriptor 
of free energy of ΔGO* − ΔGHO*. (a) and (b) are adapted with permission from Ref. [73], © Wiley-VCH Verlag GmbH & Co. KGaA 2011. (c) Change in 
adsorption energetics (ΔGOH) as a function of the increasing composition obtained by interpolation between calculated pure phases. (d) DFT+U calculated
OER activities of pure and W-doped CoFe oxy-hydroxides and W oxides. (c) and (d) are reprinted with permission from Ref. [85], © American 
Association for the Advancement of Science 2016. (e) Free energy diagram for water oxidation on MnN4-G by DFT simulations. Reprinted with 
permission from Ref. [86], © Guan, J. Q. et al. 2018. 
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that benefited from adsorbate-adsorbate interactions [84]. The 
metal–oxygen interaction of WO3 is too weak, whereas the 
same interaction is too strong on FeOOH (Figs. 8(c) and 8(d)). 
Zhang et al. [85] fabricated FeCoW oxy-hydroxide with 
homogenous distribution of metal atoms, which demonstrated 
a low overpotential in alkaline electrolytes. The synergistic 
contribution between multiple W, Co, and Fe metals results 
in favorable local coordination environment and electronic 
structure which single metal cannot, making FeCoW be an 
excellent electrocatalyst. In Fig. 8(e), Li et al. [86] found that a 
heterogeneous catalyst with mononuclear manganese embedded 
in nitrogen-doped graphene (Mn-NG) exhibited a turnover 
frequency as high as 214 s−1 for water oxidation and a low 
overpotential of 337 mV at 10 mA·cm–2. DFT calculations 
showed an overpotential of 450 mV (*O formation as RDS) 
for MnN4-G, which was much lower than that of trinuclear 
Mn3N7-G, or MnN3-G or MnO3-G, respectively. The water 
oxidation on the mononuclear Mn site is different from 
multinuclear complexes, and the RDS is the oxidation of *OH 
intermediate rather than the oxo-oxo coupling step.  

DFT results can also shed light on the lowest (or negative) 
energy barrier/increment for the intermediates, which is 
powerful in predicting the initial intermediates. For example, 
under oxidation conditions, the Ru site could readily absorb 
OH to form *OH, as indicated by the lowest free energy barrier 
(0.51 eV for RuO2 and 0.83 eV for Cr5Ru3O16) [75]. Similarly, 
the *OH formation has the lowest energy barrier on IrO2 [87]. 
However, the * formation from *OOH has the lowest energy 
barriers on some low-index facets of hematite [84], rutile (110) 
[72], anatase TiO2 (001) [88], and BiVO4 [89]. When the vacancies 
are introduced into the semiconductors (e.g., hematite), the 
energy barrier for *OH formation will be significantly reduced 
[90]. The calculations facilitate the discovering of high- 
performance electrocatalyst with the prediction of RDS and 
the overpotential. Although the reaction kinetics are suggested 
to be highly sensitive to the initial intermediates for the Tafel 
slope or rate-law studies, more studies are required to uncover 
this mystery. For instance, we recently showed that the oxidation 
mechanism could switch from IMOC at low overpotential to 
WNA process at high overpotential on cobalt-based water 
oxidation catalysts by altering the activity of water in the presence 
of water-in-salt electrolyte [54]. 

8 Summary and perspectives 
The recent development of heterogeneous water oxidation 
catalysts has highlighted an intimate relationship between surface 
chemistry and the ultimate goal of achieving high-performance 
applications. In summarizing studies focused on this topic, we 
see the central role played by intermediate surface chemical 
species. Both experimental results and theoretical calculations 
confirm that some intermediates significantly influence the 
RDS and kinetics of the overall water oxidation reaction. The 
reaction is suggested to take place through a procedure similar 
to that in natural PS, in which multiple charges are accumulated 
at a catalytic cluster to overcome the RDS. Based on the summary 
we provided above, we suggest the following strategies to 
expedite research in this area. 

(1) In situ and operando techniques: Only one or two 
intermediates are observed correlating with the applied bias or 
photon irradiation, which is proposed to be the active or RDS 
intermediates. Thus, it is not easy to substantiate a multiple- 
charge transfer reaction mechanism with a single method or 
intermediate. To validate these mechanisms, the intermediates 
at the electrocatalyst surface should be monitored by in situ  

or operando techniques [91]. The synchrotron-based X-ray 
absorption techniques [91–93], Raman spectroscopy [94–96], 
and infrared spectroscopy[97] for molecule/intermediate 
detection at the solid/electrolyte or solid/gas interface, just to 
name a few examples, will play increasingly more important 
roles. 

(2) Theoretical calculations: Methods such as DFT, molecular 
dynamics, and machine learning have been developed to 
identify intermediates and transition states, which helps to 
predict the complex surface reactions with numerous reaction 
active sites, intermediates, and transition states. To bridge  
the understanding between experimental and theoretical 
advancements, more direct information such as the vibrational, 
adsorption, diffraction, and/or adsorption signals of the 
intermediates will be highly useful. 

(3) Enable high charge densities on (photo)electrodes: For 
semiconducting materials, the charge density and potential 
drop would be more complex, as they are determined by the 
doping level, space charge capacitance, and the Helmholtz 
layer capacitance. However, the parameters (conductivity, flat 
band, and oxygen vacancy) only played a collective role in the 
OER activities[98]. By the use of the first-principle methods, 
Wang et al. suggested that the intrinsic OER catalytic activity 
of TiO2 (110) under experimental conditions was not the rate- 
determining factor below the threshold [99]. The enhanced 
charge density at the electrocatalyst surface by structure designing 
can alter the reaction mechanisms.  

(4) Catalyst with ideal energy barriers: An ideal catalyst 
requires all four steps to feature the same free energy increase 
(namely 1.23 eV at U = 0 V). Under this condition, the surface 
of the electrocatalyst would be uniformly covered by all possible 
intermediates. As the RDS is no longer valid, the water oxidation 
can be treated as a single-charge-transfer reaction. One can 
expect a Tafel slope of ~ 120 mV·dec–1 and a 1st-order reaction 
kinetics for the water oxidation. However, it seems to be an 
impossible situation to be achieved in practice: The adsorption 
energy of the intermediates such as *, *OH, *O, and *OOH, 
is not linearly correlated. Moreover, simple DFT calculations 
ignored the transition states, which should display higher 
activation energy than the free energy barrier, indicating the 
overpotential will be under-estimated through the intermediate 
level.  

(5) Unique chemical environment and coordinates: The 
environments of the catalytic site could be furtherly modulated, 
which is a time-consuming process. First, the lattice vacancy 
involved OER can be intentionally designed from a single 
crystal, which can be well determined by fine X-ray analysis 
(like Natural PS). Second, the single-atom catalyst [100] with 
well-defined substrates can be regarded as a molecular catalyst, 
helping to shed light on the reaction mechanism. Third, some 
high-entropy metal compounds could be possible to alter the 
metal–oxygen bond [101]. The tunability of adsorption energies 
upon alloying would hence allow significant improvement in 
OER activity.  
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