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Abstract

Understanding the detailed kinetics and mechanisms of water oxidation is crucial 

because water oxidation is the bottleneck reaction in overall water splitting. Here, we 

investigated the photocatalytic water oxidation on NaTaO3-based photocatalysts. With 

in situ FT-IR spectroscopy, two new water oxidation intermediates with IR absorption 

peaks centered at 1058 and 935 cm-1 were observed and assigned to Ta(VI)=O and 

Ta(O2) peroxo species, respectively. With H2
18O as reactant and NaTa16O3 as 

photocatalyst, both 16O18O and 18O2 were evolved continuously from overall water 

splitting as analyzed by mass spectroscopy (MS), demonstrating that the lattice O atoms 

in NaTaO3-based photocatalysts participate in the formation of O2 during the reaction. 

DFT results are consistent with formation of Ta=O, 16O18O and 18O18O intermediates 

and products, while predicting that several water oxidation pathways are 

thermodynamically accessible for water oxidation on NaTaO3. Based on these 

observations, we propose a three-step two-site mechanism for photocatalytic water 

oxidation on NaTaO3-based photocatalysts in which lattice oxygens play a key role. 

The elucidation of the present mechanism should help in understanding broadly water 

oxidation on semiconductor-based photocatalysts.

Key words: Water oxidation, NaTaO3, photocatalysis, in situ FT-IR spectroscopy, 

DFT calculation, lattice oxygen
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1. Introduction

Photocatalytic overall water splitting on metal oxide surface has attracted much 

attention because it is one of the most desirable approaches for utilizing the solar 

energy.1-3 Water oxidation is the bottleneck reaction in overall water splitting.4-7 

Identification of water oxidation intermediates and investigation of the kinetics of these 

intermediates are crucial for understanding the water oxidation mechanisms. 

To date, mechanistic studies of water oxidation have mainly focused on 

homogeneous water oxidation catalysts. Two fundamental water oxidation mechanisms, 

the acid-base mechanism and the direct coupling mechanism, have been invoked for 

homogeneous water oxidation catalysts.8 The two mechanisms differ primarily with 

respect to the number of sites involved in the reaction, especially in the O-O bond 

formation step: one active site is involved in the acid-base mechanism in contrast to 

two active sites in the direct coupling mechanism, respectively. In either of these water 

oxidation mechanisms, the active sites are metal ion sites.8

Much research has been devoted to establishing the mechanism(s) of water 

oxidation on heterogeneous catalysts. Significant insight has arisen by identifying the 

reaction intermediates. For heterogeneous TiO2 photocatalyst, surface TiOOH and 

TiOOTi peroxo intermediates9 were detected during photocatalytic water oxidation in 

the presence of Fe3+ ions acting as electron scavenger.10 For Co3O4 nanoparticles, an 

oxo Co(IV) site and a surface superoxide were observed.11 For hematite photoanodes, 

both an FeIV=O intermediate12 and a superoxide species13 were reported also. Recently, 

a Ti-O· oxyl radical was shown to be a nascent catalytic intermediate of water oxidation 
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at a n-SrTiO3/aqueous interface.14 All these intermediates are associated with the metal 

ion sites, demonstrating that these sites play an essential role also in heterogeneous 

water oxidation. Thus for both homogeneous and heterogeneous water oxidation 

catalysts, the metal ions are regarded as the active sites for water oxidation. 

A few computational studies of heterogeneous water oxidation mechanisms have 

suggested that lattice oxygen atoms are involved in the reaction of water oxidation on 

perovskite electrocatalysts.15, 16 Using in situ 18O isotope-labelling mass spectrometry, 

Yang Shao-Horn et al. demonstrated that O2 generated during water oxidation come 

from lattice oxygen for strongly covalent metal oxides.17 The participation of lattice 

oxygens in water oxidation mechanisms is fundamentally different from the schemes 

based on metal sites as active sites. More detailed investigations are needed to 

understand how lattice oxygens participate in the reaction and what the reaction 

intermediates are.

Perovskite NaTaO3 doped with lanthanum and loaded with NiO has been found to 

exhibit high quantum yield (~ 56%) for overall water splitting.18 However, the nature 

of the water oxidation reaction intermediates and the reaction mechanism in overall 

water splitting on NaTaO3-based photocatalysts are still unclear. This finding points to 

the possibility and benefits of studying the overall water splitting process on this 

material without sacrificial agents. We report here such an investigation. We use the 

perovskite structure of sodium tantalate NaTaO3 to study whether and how lattice 

oxygens are involved in water oxidation. We performed in situ FT-IR transmission 

spectroscopy and in situ mass spectroscopy with H2
18O and D2O to detect and identify 
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intermediates. Based on experimental observations we formulate a three-step two-site 

mechanism that has not been formulated to date and that is supported by density 

functional theory (DFT) computation for water oxidation. The paper is organized as 

follows: in Section 2, we give the experimental details. In Section 3, we provide the 

computational details. In Section 4, we describe and discuss the experimental findings, 

first from in situ FT-IR spectroscopy, then from operando mass spectrometry. We then 

present the computational results and analyze various possible mechanisms. We 

summarize and conclude in Section 5.

2. Experimental details

The NaTaO3 and NaTaO3:La catalysts were prepared by the solid-state reaction 

method.18 The starting materials, La2O3, Na2CO3, Ta2O5 were mixed according to the 

ratio Na:La:Ta=0.98:0.02:1 supposing that the sodium ions were replaced by lanthanum 

ions. An excess amount of sodium (5 mol %) was added in the mixture to compensate 

for volatilization. The mixture was calcined in air at 1170 K for 1 hour and 1420 K for 

10 hours. The NiO/NaTaO3:La catalyst with NiO loading of 0.2 wt % was prepared by 

the impregnation method. NaTaO3:La was dispersed into a Ni(NO3)3 aqueous solution 

and stirred overnight. After evaporation at 363 K, the dry power was calcined in air at 

540 K for 1 hour. 

In situ IR absorption spectra were recorded on a Nicolet 470 FT-IR spectrometer 

equipped with a MCT (HgCdTe) detector. The sample (~ 40 mg) was pressed into a 

self-supporting wafer and purged with N2, then water vapor (2.4877 kPa) was 

introduced into the IR cell by the bubble method. The light source was a 266 nm laser 
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(Quanta-Ray INDI Nd:YAG Laser) with pulse duration of 6-8 ns (20 Hz, 70 mW), 

when the spectra were scanned 64 times. 

Isotopic labelled water splitting experiments detected by a mass spectroscopy were 

performed in a He flow reactor. 40 mg NaTaO3 sample was immersed in 0.5 mL water 

(H2
18O, 90% atom% 18O). The reactor was flowed with He after the immersion of the 

photocatalysts in H2
18O, then it was irradiated for 25 min with a 263 nm laser (UVISIR, 

1 kHz) with the laser power of 200 mW. The evolved H2 and O2 were analyzed with a 

mass spectrometer (GAM200, InProcess Instruments). The mass/charge ratio (m/z) 

values, 2, 32, 34 and 36, were analyzed for H2, 16O2, 16O18O, and 18O2, respectively.

FT-IR spectrum of H2O2 was recorded by dipping 30% H2O2 aqueous solution on 

the crystal in AIR-IR cell. For FT-IR spectra of the H2O2 adsorption on the NaTaO3-

based photocatalysts, a drop of 30% H2O2 aqueous solution was adhered on the catalyst 

wafer when the FT-IR spectra recorded after the adsorbed H2O2 was blown away by N2 

were used as FT-IR background. 

3. Computational details

We studied the water oxidation mechanism with DFT computation using the 

Vienna Ab-initio Simulation Package (VASP)19, 20. Spin-polarized calculations were 

performed with PBE21 functional using a GGA+U method22 with Ueff = 2.0 eV for Ta 

atoms23. The projector-augmented wave (PAW) potentials24, 25 were used to represent 

the core-valence electron interactions with valence electrons described with plane 

waves with an energy cutoff of 400 eV. The valence electrons for Na, Ta, O and H were 

(2p63s1), (5p65d36s2), (2s22p4), and (1s1), respectively. Gaussian smearing with a 0.05 
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eV width aided the electronic wavefunction convergence. As often done in the literature, 

we modeled the reaction mechanism at a solid/vacuum interface26-28. We analyzed the 

mechanism on the basis of the thermodynamic stability of the intermediates.

We first calculated surface energies for various low-index surfaces. In accord with 

previous studies of NaTaO3
18, 29

, the {001} and {110} surfaces were found to be the 

most stable surfaces of orthorhombic NaTaO3 (Table S1). Therefore, we focused on 

these surfaces for our investigation. We created 5-layer slab models with ~16 Å vacuum 

spaces from a fully optimized orthorhombic NaTaO3 unit cell (illustrated in Figure S1 

and Figure S2). In both cases Ta and O atoms are exposed at the terminating surface 

and Na atoms are in a sub-surface layer. A 9×9×6 Monkhorst-Pack k-mesh grid was 

used for k-point sampling of the unit cell in bulk calculations, while 2×2×1 and 2×1×1 

Monkhorst-Pack k-mesh grids were used in the optimizations of all (001) slabs and 

(110) slabs, respectively. During the geometry optimizations and energy calculations, 

the bottom two layers of the slabs were fixed at their bulk positions while the top three 

layers of the slabs, including the adsorbates, were fully relaxed until the forces on all 

atoms were less than 0.005 eV/Å. In a recent paper, Ouhbi and Aschauer30 modeled 

water oxidation on NaTaO3 (001) surface and proposed free energy diagram and 

mechanism based on a 4-1 model (4 layers - 1 frozen layer). The data shown in Table 

S2, Figure S3 and S4 suggest that the 4-1 model may not be converged. We adopted a 

5-2 model (5 layers - 2 frozen layers). A dipole correction was applied throughout the 

calculations to offset the charge polarization effects in the asymmetric stoichiometric 

slabs31. 
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The water oxidation free energy changes at pH = 7, pressure p = 1 bar, T = 298.15 

K were derived using the principles of material and energy balance: 

ΔG = ΔE + ΔZPE – TΔS, with ΔE = Eproducts – Ereactors,

and ΔE is the reaction energy calculated by DFT. The differences in zero-point energies, 

∆ZPE, and the change in entropy ∆S were derived from the reference publication listed 

in Table S3. The temperature dependence of the enthalpy was neglected in the 

calculations, i.e., ∆H (298 K→0 K) = 0. Using the standard hydrogen electrode (SHE) 

as a reference, the free energy for a proton and an electron G(H+) + G(e-) were replaced 

by ½ G(H2). The effect of pH on G(H+) was corrected for the proton concentration 

dependence of the free energy ∆GpH = (- ln 10) × kT × pH. The free energies presented 

and discussed below all include the pH correction of ∆GpH ~ -0.414 eV for pH=7. For 

reaction steps involving the formation of O2, the free energy for O2 was taken as the 

experimental reaction free energy ΔG(O2) = 4.92 eV + 2G(H2O) - 2G(H2) for water 

splitting, because DFT (GGA+U) does not describe the electronic structure of the O2 

molecule accurately enough.

4. Results and Discussion 

4.1 Identification of water oxidation intermediates with in situ FT-IR spectroscopy

The structure characterizations of NaTaO3 samples demonstrate that the 

photocatalysts are in perovskite structure with high crystallinity (Figure S5 and S6). 

NiO/NaTaO3:La exhibits extremely high activity for photocatalytic overall water 

splitting in aqueous solution (Table S4). Moreover, it displays obvious photocatalytic 

water splitting activity with water vapor, which indicates that it makes sense to 
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investigate the water oxidation mechanism with water vapor and in situ FTIR 

transmission spectroscopy (Table S5).

Figure 1 shows the difference FTIR spectra of a NiO/NaTaO3:La wafer exposed 

to water vapor irradiated by 266 nm laser (20 Hz, 70 mW), with a reference spectrum 

taken before the irradiation as the background. The intensities of a broad band centered 

at 3441 cm-1, a relatively sharp band at 1641 cm-1, and a broad band below 900 cm-1 

decrease with the UV irradiation time. These bands correspond to the OH stretching, 

Figure 1. (A) Difference FT-IR spectra of H2O adsorbed on 0.2 wt% 
NiO/NaTaO3:La (2 mol%) irradiated by 266 nm laser (20 Hz, 70 mW) for (a) 20 s, 
(b) 85 s, (c) 175 s, (d) 300 s, (e) 1800 s, and (f) (inset) 3600 s; (B) Time-dependent 
relative areas of the two bands at (a) 1060 cm-1 and (b) 935 cm-1. The time resolution 
used was ~20 s.
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the HOH bending, and the vibrational modes of adsorbed H2O, respectively, as 

demonstrated in Figure S7.32 The decline of these bands is due to irradiation-induced 

water desorption and consumption of the adsorbed water molecules in the water 

splitting reaction. In the range of 900-1100 cm-1 where the vibrational bands of water 

oxidation intermediates are most likely to appear, two IR bands centered at 1060 cm-1 

and 935 cm-1 are observed to grow with UV irradiation time (Figure 1A). These two IR 

bands are not observed for pure NaTaO3 or NaTaO3:La photocatalysts under 266 nm 

irradiation, nor for NiO/NaTaO3:La irradiated with 532 nm laser (photon energy of ~ 

2.3 eV, smaller than the ~ 4.0 eV bandgap of NaTaO3) (Figure S8). These results 

indicate that the IR bands originate from the UV-light induced photocatalysis, not from 

thermally driven processes. Moreover, the intensities of 1060 and 935 cm-1 bands are 

much lower in NiO/NaTaO3 than in NiO/NaTaO3:La (2 mol%), although the loading 

amounts are the same in the two samples, demonstrating that the two IR bands are not 

associated with the species on NiO. The correlation of these two IR bands with the 

photocatalytic activities of the NaTaO3 indicates that these two IR bands are likely to 

arise from the surface intermediates from photocatalytic water splitting. The origin of 

the bands appearing in the range 1250-1500 cm-1 is unclear at present. They might 

correlate with some impurities introduced during the NiO loading process because these 

bands were not detected under UV irradiation for the NaTaO3 or NaTaO3: La 

photocatalysts (Figure S8a and S8b).

The time evolutions of the two bands at 1060 cm-1 and 935 cm-1 were analyzed as 

shown in Figure 1B. The 1060 cm-1 band appears immediately after the UV light 
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irradiation, but interestingly, the appearance of the 935 cm-1 band shows a clear delay 

from the start time of the UV irradiation. The difference in time delay indicates that the 

bands at 1060 cm-1 and 935 cm-1 correspond to different surface intermediates. The time 

delay of the 935 cm-1 band becomes shorter with an increase in the excitation power. It 

remains at about 50 seconds with the excitation power above 50 mW (Figure S9). These 

results can be rationalized if we assume that the first intermediate species giving the 

1060 cm-1 band is the precursor of the second intermediate species that gives the 935 

cm-1 band. The formation and appearance of the second species can only start when the 

concentration of the first (parent) species grows to exceed a threshold amount. 

Increasing the excitation power accelerates the rate of formation of the parent species 

so that the second intermediates begins to appear at an earlier time. 
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Next, we carried isotope-labelling FT-IR experiments by using D2O or H2
18O 

water as reactants to help identify further the structure and nature of the intermediate 

species detected above. The results are shown in Figure 2. Comparison of the IR 

spectrum with D2O vapor to that with H2O points to the fact that no isotopic shifts are 

observed for both the 1060 and 935 cm-1 bands. A broad negative band below 900 cm-

1 corresponding to the vibrational modes of adsorbed H2O disappears when using D2O 

as the reactant, presumably because of an isotopic shift down to a lower wavenumber 

range with a low signal to noise ratio. This finding indicates that both bands (at 1060 

and 935 cm-1) arise from species without H atoms. When H2
18O was used as the reactant, 

we observed the appearance of a new band at 1014 cm-1, while the band at around 935 

cm-1 disappeared, presumably shifted down into a lower wavenumber ranges with a low 

signal to noise ratio. These spectral changes demonstrate the contribution of oxygen to 

the intermediate species. 

The bands at 1060 and 935 cm-1 that do not involve H atoms are likely associated 

with water oxidation on NaTaO3, since NiO loaded on the photocatalyst is active as a 

cocatalyst for H2 formation.18 The vibrational band at 1060 cm-1 lies in the range 

reported for the stretching modes of metal=O species (900-1100 cm-1),33-35 or 

superoxide O2
- species (1000-1200 cm-1).36-40 The assignment of the 1060 cm-1 band to 

a superoxide species can be ruled out, because it would be a three-electron intermediate 

Figure 2. (A) Difference FT-IR spectra of D2O (D>99.9%) and H2O adsorbed on 
0.2 wt% NiO/NaTaO3:La (2 mol%) after UV irradiation. (B) Difference FT-IR 
spectra of H2

18O (90% atom% 18O) (magnified fivefold) and H2O adsorbed on 0.2 
wt% NiO/NaTaO3:La (2 mol%) after UV irradiation.
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that is only one oxidation step before O2 evolution and it is unlikely to appear in advance 

of the 935 cm-1 band. Therefore, it is reasonable to assign the 1060 cm-1 band to a 

Ta(VI)=O species, a one-electron oxidation intermediate. This assignment is supported 

by the isotope-labelling experiments. The observed 16O/18O isotopic shift of ~ 46 cm-1 

is comparable with the isotopic shift of ∼ 40 cm-1 reported for M=O species.41, 42 

Additionally, no D/H isotopic shift is observed. Lastly, we will show below that our 

DFT-calculated reaction energy diagram is consistent with this assignment. 

The vibrational band at 935 cm-1 lies in the range for O-O stretching vibrations of 

surface peroxide species M(O2)43, 44 and it can be reasonably assigned to a Ta(O2) 

peroxo species. To confirm this hypothesis, FT-IR spectra of H2O2 adsorbed on 

NaTaO3-based photocatalysts were obtained and the results are shown in Figure 3. The 

spectra show that both undissociated adsorbate H2O2 and dissociated adsorbate are 

formed on the catalyst surface. The spectra exhibit the characteristic frequencies of O-

O stretching at 872 cm-1 for undissociated H2O2 and 945 cm-1 for dissociated 

adsorbate.10, 45-48 Compared to the band at 945 cm-1 for a dissociated adsorbate resulting 

from H2O2 adsorption, the 935 cm-1 band formed during the water splitting reaction 

shifts only slightly. This observation supports the assignment of this band to the Ta(O2) 

species. This assignment is further confirmed by the isotopic-labelling experiment with 

deuterium as the 935 cm-1 band exhibits no D/H isotopic shift. The band at 1114 cm-1 

that is observed on NiO/NaTaO3 but not on NaTaO3 or NaTaO3:La is tentatively 

assigned to the bending mode for Ni-O-O-H species. 
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4.2 Characterization of produced O2 by operando mass spectroscopy

To investigate the role of lattice oxygen in the water oxidation mechanism on 

NaTaO3-based photocatalysts, we analyzed molecular O2 evolved during photocatalytic 

H2
18O splitting by mass spectroscopy (Figure 4). Mass peaks for both 16O18O and 18O2 

were detected continuously for 25 minutes in one cycle, while no 16O16O mass was 

detected. These results indicate that *18OH dangling species and lattice 16O atoms in 

NaTaO3–based photocatalysts are involved in O2 evolution, while coupling of two 

lattice O atoms can be ruled out. The amount of evolved mixed-isotope 16O18O is 

slightly larger than that of 18O2. This result suggests that water oxidation has a 

preference to go through the lattice-oxygen mechanism over direct coupling of O’s 

from two water molecules. This observation is also supported by the calculations below.

Figure 3. FT-IR spectra of H2O2 (a, magnified fivefold) and H2O2 adsorbed on 
NaTaO3 (b), NaTaO3:La (2 mol%) (c) and 0.2 wt% NiO/NaTaO3 (d, magnified 
fivefold). 
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4.3 Structures and energies of water oxidation intermediates of NaTaO3 from DFT 

calculations

In the present case of photocatalytic water splitting on 0.2 wt% NiO/NaTaO3:La 

(2 mol%), the NiO loaded on the photocatalyst acts as a cocatalyst for H2 formation, 

and water oxidation reaction occurs on NaTaO3 surface. Since water oxidation takes 

place on NaTaO3 surfaces, it makes sense to study the mechanism with NaTaO3 slab 

models. 

We determined the structures and energies of possible intermediates of water 

oxidation on NaTaO3 on both (001) and (110) surfaces at pH = 7. We included all 

structures and energy data in Figure S10, Table S6, and Table S7. The reaction free 

energy profile is shown in Figure 5 for the (001) surface. The free energy profile on the 

(110) surface is very similar and included in the SI (Figure S11). Note that in Figure 5, 

we do not show the water molecules, protons, and electrons involved in the elementary 

Figure 4. Mass spectroscopy from isotopic water (H2
18O) splitting reaction product 

on 0.2 wt% NiO/NaTaO3:La (2 mol%) with 16O irradiated by 263 nm laser (200 
mW) for 2-4 cycles.
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reaction steps for sake of clarity. We maintained the appropriate mass balance when 

calculating the energy profile. Care must be taken to spell out the reaction steps 

associated with the various intermediates. For example, the step seen as “*Od → *OOHd” 

is actually “*Od + H2O → *OOHd + (H+ + e-)”. We considered the intermediate species 

*H2O, *OH, *O (dangling and surface oxo), and *OOH (dangling and ‘surface’ species) 

that are often discussed in the literature11, 27, 49-52.      

Figure 5. Free energy profile for water oxidation on (001) surface at pH = 7. 
Schematic structures of intermediates and step free energies are included. Water 
molecules H2O, protons, and electrons that participate in the reaction steps are 
omitted for clarity, e.g. the “*Od → *OOHd” step is in fact “*Od + H2O → *OOHd 
+ (H+ + e-)”. Mass balance was maintained in all elementary steps. Three pathways 
of interest are indicated with connecting dotted lines in red, yellow and blue. The 
yellow pathway referred as M1 in the text starts from *OH (at ~ -1.83 eV) to form 
*Od (at ΔG ~ -2.79 eV), followed by *OOHs (at ΔG ~ +0.56 eV), and returning to 
*OH (at ΔG ~ +3.09 eV) after O2 evolution. 

    Species like *O and *OOH can adopt two different structures, a ‘dangling’ 

structure and a ‘surface oxo’ structure.26 It can be seen in Figure 5 that the ‘dangling 

O’ structure (denoted *Od) is by far the most stable form of *O in comparison with the 
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‘surface oxo’ structure (denoted *Os) where the O atom inserts into a Ta-O bond to 

form a Ta-O-O-Ta chemical motif. The *OOH intermediate prefers a structure that 

combines a ‘surface oxo’ adjacent to a hydroxyl species (the combined structure is 

denoted *OOHs) in comparison to a ‘dangling’ *OOH (denoted *OOHd). This finding 

holds for both the (001) and (110) surfaces (see Table S6). It is reasonable to attribute 

the features observed in the in situ FT-IR spectrum assigned as signals from Ta(VI)=O 

and Ta(O2) to the most stable forms of *O and *OOH, namely *Od and *OOHs.

We used Figure 5 to consider the reaction pathways with ΔG < 4 eV since UV-

light with energy above ~ +4.0 eV can induce the h+/e- pair generation for NaTaO3.18, 

29, 53 We note again that the adsorption of H2O on 5-fold coordinated Ta sites is weak 

(~ +0.11 eV) while the adsorption of *OH is very strong (~ -1.83 eV).

We describe now the most facile mechanism, M1 (highlighted in yellow in Figure 

5):

Mechanism M1:

1. *OH  *Od + (H+ + e-)  

2. *Od + H2O  *OOH + (H+ + e-) 

3. *OOH + H2O  *OH + O2 + 2 (H+ + e-)

*OOHs is the more stable form of *OOH and requires the least energy for the O-O 

coupling *Od → *OOH step. However, a pathway going through the less stable form, 

OOHd, is also accessible. In any case, the catalytic cycle can be formulated as starting 

from *OH, forming *Od, then *OOHs or OOHd, and lastly, evolving O2 while returning 

to the starting state as *OH. Along the *OOHs pathway, the rate-determining step is 
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step 2 that requires a step free energy of ~ +3.35 eV (one-electron step), while step 3 

requires +2.53 eV as a two-electron step. Along the *OOHd pathway, the rate-

determining step is also step 2, with step 3 requiring ~ +2.31 eV. 

The above results indicate that adsorption of *OH on NaTaO3 is strongly 

thermodynamically favored. As calculated in Table S8, NaTaO3 has an adsorption 

energy ΔE*OH  ~ -1.81 eV. Such large exothermic *OH adsorption is rare but has 

been previously reported for LaTiO3 (ΔE*OH = -1.55 eV).28 In the present case of 

NaTaO3, the calculated DFT binding energy of *OOHs is ΔE*OOHs = -1.38 eV (see 

Table S8). The adsorption energy difference E*OOH - E*OH is ~ 3.2 eV, in good accord 

with the universal scaling relationship E*OOH - E*OH ≈3.2 eV on metal or metal oxide 

surface. 28, 54 This observation gives credence to our DFT results. 

The strong binding energy of *OH to the surface led us to consider whether 

neighboring *OH species might come into play in the reaction. To this end we 

considered the same intermediates as before but with *OH species absorbed on nearest 

Ta sites. We refer to these as ‘neighboring *OH’ species. The energy diagram of Figure 

5 indicates that intermediates that include neighboring *OH’s are also low energy 

intermediates. We think it is unlikely that O-O coupling could involve three or more 

reactive sites, suggesting that additional *OH groups would be spectators.

As shown in Figure 5, in all cases except for *Od, a neighboring *OH species 

increases the exothermic step energy by an amount essentially equal to the step energy 

of an isolated *OH. The effects are nearly additive: ~ -1.93 eV between *OH and *OH 

+ *OH, ~ -1.79 eV between *OOHd and *OOHd + *OH, ~ -1.83 eV between *OOHs 
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and *OOHs + *OH, and ~ -1.73 eV between *Os and *Os + *OH, to be compared to the 

*OH step energy of ~ -1.83 eV. The notable exception is *Od with a smaller increase 

in exothermic step energy of only ~ -1.02 eV between *Od and *Od + *OH. Neighboring 

OH’s stabilize different intermediates by different amount, thus altering the free energy 

steps along the water oxidation pathways. In the presence of a neighboring *OH 

adsorbed on a nearby Ta site, the *Od and *OOHs species are still the preferred forms 

for *O and *OOH respectively, just like they were without the neighboring *OH, as 

*OOH can adopt both forms, *OOHs and *OOHd. With ‘neighboring *OH’ species, 

two other water oxidation pathways are possible. Perhaps the most significant 

observation is that they have smaller free energy steps even though the fundamental 

structural features of the intermediates remain unchanged. A modified mechanism 

labeled M2 is as follows:

Mechanism M2:

1. *OH + *OH  *Od + *OH + (H+ + e-)  

2. *Od + *OH + H2O  *OOH + *OH + (H+ + e-) 

3. *OOH + *OH + H2O  *OH + *OH + O2 + 2 (H+ + e-)

The M2 mechanism (red in Figure 5) is similar to M1 above, except that neighboring 

*OH’s are involved. As seen in Figure 5, M2 has step 2 as rate-determining step, with 

a step free energy of ~ +2.54 eV (to form *OOHs). With a neighboring *OH next to 

*OOHs, the reaction can proceed via mechanism M3 (blue in Figure 5) as follows: 

Mechanism M3:

1. *OH  *Od + (H+ + e-) 
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2. *Od + H2O  *OOH + (H+ + e-)

3. *OOH + H2O  *OOH + *OH + (H+ + e-)

4. *OOH + *OH + H2O  *OH + *OH + O2 + 2 (H+ + e-)

5. *OH + *OH + (H+ + e-)  *OH + H2O

Mechanism M3 has the same first two steps as M1. Step 2 is also the rate-determining 

step in M3 with a step free energy of ~ +3.35 eV.

In summary, when neighboring *OH species are accounted for in the water 

oxidation process, the free energy step of the rate-determining step in M2 is reduced 

from ~ +3.35 eV to ~ +2.54 eV, indicating that a neighboring *OH appears to make the 

water oxidation pathway more facile. However, as already pointed out, M2 or M3 do 

not bring different structural features for the reaction intermediates. Accordingly, the 

M1 mechanism is a good overall representation of the water oxidation reaction on 

NaTaO3.

It is of interest to compare the three-step M1 mechanism to the traditional four-

step coupled proton-electron mechanism, 26, 46, 55 which can be written as * → *OH → 

*O → *OOH → * + O2. As depicted in Figure 5 for the (001) surface, the * → *OH 

step is exothermic by ~ -1.83 eV. The *OH → *Od step is exothermic by ~ -0.96 eV, 

the *Od → *OOH step is endothermic by ~ +3.35 eV to form *OOHs and by ~ +3.57 

eV to form *OOHd. The *OOHs → * step is endothermic by ~ +4.36 eV and the 

*OOHd→* step is endothermic by ~ +4.14 eV. Thus, the traditional four-step water 

oxidation mechanism is essentially forbidden by energetics, and we believe that water 

oxidation proceeds via the M1 mechanism proposed here or its ‘neighboring *OH’ 
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variants, whereby O2 evolves via a catalytic cycle that has *OH as the initial state. As 

a last point, let us remember that the present discussion is in the context of water 

oxidation on orthorhombic NaTaO3 in neutral pH conditions. A similar pathway 

analysis holds for the (110) surface (see Figure S11). The mechanism can be presented 

pictorially as in Figure 6, with assignment of the intermediates based on experiment 

and supported by computation. 

 

(A)

(B)

Figure 6. Proposed reaction mechanism for photocatalytic water splitting reaction on 
NaTaO3-based catalysts: (A) formation of 16O18O; (B) formation of 18O18O following 
the three-step M1 mechanism. The lattice oxygens (16O) from NaTa16O3 are marked 
in blue, while the water oxygens (18O) from H2

18O are marked in black.  

Figure 6A gives a ‘chemical’ illustration of the steps leading to the formation of 
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16O18O as a part of the M1 three-step mechanism. The oxidation reaction starts with the 

formation of a surface hydroxyl *OH species that is subsequently oxidized by a hole to 

form the *Od intermediate assigned earlier to a Ta(VI)=OW species, where OW denotes 

the oxygen atom originating from the oxidized water molecule. Another water molecule 

attacks the tantalum-oxygen bonds of the surface, Ta-OL (where OL represents a lattice 

oxygen) next to the Ta(VI)=OW species  (right hand-side scheme in Figure 6A). A 

hole leads to the formation of the surface Ta(O2) moiety of the *OOHs species, a 

relatively stable entity with a closed-shell electronic structure (left hand-side scheme of 

Figure 6A). Finally, the Ta(O2) species gets oxidized by two holes and a water molecule 

to release O2 where one of the two oxygen atoms originate from the oxidized water 

molecule and the other oxygen atom from a surface oxygen. Upon O2 evolution, the 

starting catalytic sites are recovered. With this sequence of steps, 16O18O can be 

produced from the photocatalytic H2
18O splitting on NaTa16O3. The observed long-time 

evolution of 16O18O suggests that lattice oxygens in the NaTaO3 bulk phase diffuse to 

the surface to replenish the vacancy from the departed oxygen molecule. 

Figure 6B shows a ‘chemical’ illustration of the steps leading to the formation of 

18O18O as a water oxidation product. Following the same first step of M1 as before, the 

*Od intermediate assigned to Ta(VI)=OW is attacked by a water molecule and a hole 

simultaneously to form the *OOHd intermediate that had the chemical structure TaOOH 

(right hand-side scheme of Figure 6B). Subsequently, the TaOOH species gets oxidized 

by two holes and a water molecule to release O2 (left hand-side scheme of Figure 6B), 

a step after which the original catalytic sites are recovered. With this mechanism, the 
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oxygen of 18O18O is produced from two H2
18O molecules. Similar illustrations of the 

16O18O and 18O18O products via the M2 and M3 mechanisms are shown in Figure S12. 

All three mechanisms derived from DFT calculations are consistent with the 

isotope experiments. As observed in the MS results (Figure 4), both 16O18O and 18O2 

are detected continuously during H2
18O water oxidation, whereby the ratio 16O18O / 18O2 

does not change much over 75-125 min. If 18O2 are all produced following the same 

mechanism as 16O18O (Figure 6A) after the first cycle (one lattice 16O replaced by one 

18O from water oxygen), the yield of 18O2 should be extremely low at the beginning, 

and show an obvious increase over time as surface 16O’s get replaced by 18O’s. This is 

not consistent by our mass spectroscopy data of Figure 4, so the 18O2 and 16O18O are 

produced following different mechanism. What’s more, the amount of 16O18O product 

is slightly larger than that of 18O2. Indeed, in the water oxidation mechanisms, the 

*OOH intermediate that is the upstream product of O2, prefers the ‘surface oxo’ *OOHs 

form rather than the *OOHd form. The *OOHs intermediate is a structure combining a 

‘surface oxo’ and a hydroxyl group, and the O2 molecule originating from *OOHs will 

have an O atom coming from NaTaO3 and the other oxygen atom from the oxidized 

H2O molecule. In contrast an O2 product formed via the *OOHd intermediate has two 

oxygen atoms originating from water molecules H2O. 

The participation of lattice oxygen atoms in water oxidation mechanisms is widely 

observed with water oxidation electrocatalysts, such as IrO2,56 and RuO2.57 The role of 

lattice oxygens in water oxidation mechanisms was first discussed in the context of 

La1−xSrxBO3 (B = transition metal) as electrocatalysts.15 Yang Shao-Horn et al. 
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provided pieces of evidence for the participation of lattice oxygen in water oxidation 

processes.17 These studies revealed that the covalency of metal-oxygen bonds is the key 

descriptor of what can trigger lattice-oxygen participation in oxidation. Namely, water 

oxidation occurs through lattice oxygen mechanisms for highly covalent oxides such as 

La0.5Sr0.5CoO3-δ and SrCoO3-δ, but nor for the less covalent LaCoO3. For NaTaO3 

studied in this work, prior calculations indicated that the interaction between Ta and O 

has a high degree of covalent character.58, 59 The covalency of Ta-O is consistent with 

the lattice-oxygen oxidation mechanism on NaTaO3, leading to our proposal of the M1 

oxidation mechanism that can lead to the formation of mixed isotope 16O18O oxygen 

molecule. It should be mentioned that the lattice oxygen mechanism on NaTaO3 starts 

from a dangling oxygen *Od instead of *Os, which is supposed to be the start reaction 

in lattice oxygen mechanism reported.16,17,51 This is because the direct formation of *Os 

is inaccessible due to the large formation energy of +4.12 eV.

The water oxidation mechanism of NaTaO3 determined here illustrates that the 

lattice oxygen atoms can play a crucial role in water oxidation over photocatalysts, just 

as they do in electrocatalysts. We note that NaTaO3 and the other electrocatalysts on 

which water oxidation occurs through lattice oxygen mechanisms, are mainly of 

perovskite structure. Perovskite photocatalysts are a very important family of 

photocatalysts.60 Over 540 kinds of perovskite materials have been studied in 

phtocatalysis.61 It is possible that the three-step mechanism may occur widely in 

photocatalysis. For example, for the oxychloride perovskite Bi4NbO8Cl, the 

introduction of niobium Nb makes the valence band maximum predominantly 
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composed of O 2p orbitals instead of Cl 3p orbitals, resulting in water oxidation under 

visible light irradiation. The intrinsic reason for this activity under visible light may be 

the participation of oxygen lattice. The present work suggests that manipulation of 

valence band structure of perovskite photocatalysts may be a promising strategy for the 

design of highly efficient photocatalysts. Moreover, the participation of lattice oxygen 

atoms in the oxidation mechanism suggests that the anion atoms can be an active design 

factor toward efficient water oxidation. 

5. Conclusions

In this work, the mechanism of water oxidation on NaTaO3 was investigated with 

in situ FT-IR spectroscopy and operando mass spectroscopy, as well as DFT 

calculations. A new three-step mechanism in which the reaction proceeds through *OH, 

*Od, and *OOHs was proposed. In this mechanism, lattice oxygen atoms are involved 

in the O2 formation. The intermediates of Ta(VI)=O (*Od) and Ta(O2) peroxo species 

(*OOHs) were directly observed with in situ FT-IR spectroscopy. The participation of 

lattice oxygen in the water oxidation was detected from mixed-isotope 16O18O evolution 

when 18O isotope-labelled H2
18O served as a reactant, illustrating the crucial role of the 

anion atoms in photocatalytic water oxidation processes. We believe this work deepens 

the understanding of photocatalytic overall water splitting on metal oxide 

semiconductor based photocatalysts.
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