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Theoretical studies on the mechanism for the oxygen 
reduction reaction on clean and O-substituted 
Ta3N5(100) surfaces 

Eriko Watanabe, Hiroshi Ushiyama*, Koichi Yamashita, 

The reaction mechanism for the oxygen reduction reaction (ORR) on Ta3N5(100) surfaces was examined 
theoretically. In particular, the effects of O-substitution on the catalytic activity have been discussed. 
First, the adsorption energy and geometry of an oxygen molecule adsorbed on a clean and O-
substituted Ta3N5(100) surfaces were calculated. Energy diagrams for 2-electron and 4-electron 
reactions on the clean and O-substituted Ta3N5(100) surfaces were then examined. The results show 
that the adsorption energy of an oxygen molecule on the clean Ta3N5(100) surface is almost zero and 
the oxygen molecule is easier to adsorb on the O-substituted surface. However, OH and H2O adsorb 
strongly on the O-substituted surfaces so that their desorption can be the rate-determing step. To 
improve the ORR activity, both O2 and OH adsorption energy should be tuned. By the analysis of 
energy level of adsorbates and Ta3N5 O-substituted surface, the impurity state of Ta3N5 is the key 
descriptor for the adsorption energy. Therefore, the ORR activity can be controlled by changing the 
energy of the impurity state. 

Introduction 

 The oxygen reduction reaction (ORR) and oxygen 
evolution reaction (OER) are the key reactions in both the 
cathode reaction of polymer electrolyte fuel cells (PEFCs) and 
the photo(electro)catalytic water-splitting reaction, 
respectively. In PEFCs, the ORR is the cathode reaction and 
the large overpotential of the ORR is the main cause for 
decreased efficiency1. Thus, to overcome the large 
overpotential, platinum catalysts are used. There have been 
numerous studies to clarify the mechanism for the ORR on Pt 
catalysts2-5. However, platinum is the precious metal that 
limits the widespread use of PEFCs; therefore, low-platinum 
or non-platinum catalysts for the ORR have been required, and 
various types of catalysts have been reported6. For example, as 
low platinum catalysts, alloy of Pt7,8, core-shell structure with 
core of abundant metals9, and Pt supported on nano-
structuring carbon such as carbon nano-tubes10 have been 
examined to reduce the amount of Pt used. As non-platinum 
catalysts, Fe and Co complex catalysts11-14, carbon based 
catalysts15-21, transition metal oxides, nitrides, and oxynitride 
catalysts22-35, such as Ta3N5, TaNO, TaCNO, ZrOxNy, and 
NbOxNy, have been reported. Among all, transition metal 
oxide, nitride and oxynitride catalysts have an advantage of 
being stable in an acid environment28,30 and are the promising 
materials for ORR non-platinum catalysts. 
 In the case of the photo(electro)catalytic water-splitting 
reaction, transition metal nitrides and oxinitrides have 
attracted much interest as well for promotion of the water-
splitting reaction under visible light conditions36. Among them, 
Ta3N5 is one of the most promising materials because of the 
band gap of 2.1 eV suitable for the visible light absorption and 

its conduction band (CB) and valence band (VB) position 
straddling the H+/H2 and O2/H2O redox potential37-39. 
Therefore, research on Ta3N5 has focused on its optical 
properties and there have been fewer reports on the surface 
reactions of Ta3N5. However, OER is the reverse reaction of 
ORR, so that if the reaction site for ORR on Ta3N5 surface is 
effective, the OER in photocatalytic water-splitting can be 
promoted on the same site. Therefore, control of the ORR is 
the major issue to achieve a hydrogen energy system and the 
investigation of the ORR on Ta3N5 is useful for the 
improvement of both fuel cells and water-splitting systems.   
 Our research focus is improving the ORR activity on 
Ta3N5 by clarifying the reaction mechanism for oxygen 
reduction. Surface reactions on Ta3N5 have been reported 
partially, such as oxygen adsorption40 and water adsorption41, 
however, a fully calculated energy diagram of the ORR is 
reported for the first time in this paper. It is reported by XPS 
experiments that surface of Ta3N5 is so oxidized that the ratio 
of surface oxygen atom and nitrogen atom is almost 1:1 after 
synthesis28. It is also reported that such O-substitution to 
surface N atoms is thermodynamically stable in both bulk and 
surface region from DFT calculations40,42. Therefore we 
analysed the mechanism of oxygen reduction reaction on clean 
and O-substituted Ta3N5. 
 We have previously examined the stability and reactivity 
of Ta3N5 using density functional theory (DFT) calculations 
and shown that the (100) surface is the most stable surface, 
and that surface defects such as surface O-substitution have a 
significant effect on the surface reactivity40. Following this 
previous work, the reaction mechanism of oxygen reduction 
on Ta3N5(100) is examined here, and the effect of surface O-
substitution on the ORR activity is discussed by comparison 
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of the reaction on clean and O-substituted Ta3N5(100) surfaces. 
We also discuss how to improve the ORR activity on Ta3N5 
surface. 
 

Computational Method 
 DFT calculations were performed using the SIESTA 
code43. The exchange correlation energy was calculated with a 
generalized gradient approximation (GGA) using the RPBE 
functional44. A double-z split-valence basis set with 
polarization orbitals for all elements45 and norm-conserving 
pseudopotentials proposed by Troullier and Martins46 were 
used. Spin polarized calculations were performed on all the 
system in our calculations. Geometry optimization was 
performed until the maximum atomic force was smaller than 
0.02 eV/Å. The transition state was calculated using the 
nudged elastic band (NEB) method47-49. Ta3N5 is known to 
have pseudobrookite structure. It has orthohomobic/Cmcm 
group including 32 atoms in its unit cell50. The optimized size 
of the Ta3N5 unit cell was a=3.99 Å, b=10.69 Å, c=10.69 Å, 
where each lattice parameter almost matches the experimental 
data50 (a=3.88 Å, b=10.21 Å, c=10.26 Å). Because of the 
relatively large lattice constants to b and c directions, the slab 
model was made by piling three Ta3N5 unit cells to x direction 
with 20 Å thick vacuum space (a=30.0 Å, b=10.21 Å, c=10.26 
Å). This model is equivalent to the 6-layer model in ref. 40. 
The 6-layer slab model is sufficiently thick to represent the 
surface state because the model shows good convergence of 
both band gap and surface energy40. The energies were 
sampled on (1×2×2) grid with the Monkhorst-Pack method51 
which shows the total energy convergence within 1 meV/atom.  
 

 
Figure 1. The Ta3N5 (100) structures of (a) clean surface from x, y and z 
directions (b) O1-substituted surface from x direction, (c) O2-substituted 
surface from x direction and (d) labeling of surface six Ta atoms in unit cell from 
x direction. The big purple atoms are Ta, small blue atoms are N and small red 
atoms are O. 

 The oxygen adsorption and the following reaction were 
examined using one reaction site per 6-layer model which 
corresponds to the coverage of 0.88 molecule/nm-2. Although 
there is no direct comparable experimental data, the O2 

temperature-programmed desorption (TPD) on TiN and Pt 
show the O2 adsorption density of 0.18-0.57 molecule/nm-2 on 
TiN and 2.1 molecule/nm-2 on Pt24. Thus, the difference of our 
calculation model and the experimental adsorption density is 
considered to be small. To make the O-substituted surfaces, 
one (O1-substituted surface) or two (O2-substituted surface) 
of the surface nitrogen atoms are replaced by oxygen atoms. 
The structures of clean, O1-substituted and O2-substituted 
surfaces are shown in Figure 1(a)-(c). On the clean surface, Ta 
sites in the unit cell are labelled from A to F, as shown in 
Figure 1(d). Sites A, C, D and F are geometrically equivalent, 
as are sites B and E. Calculations were performed using 
supercomputers at the Institute for Solid State Physics (ISSP), 
University of Tokyo.  

Results and Discussion 

3.1 Surface Structures and Oxygen Adsorption Structures 

 As the first elementary step of the ORR, oxygen 
adsorption on clean and O-substituted surfaces was examined, 
assuming molecular adsorption. The structures of molecular 
adsorption are classified into three types: Pauling-type (end-on 
adsorption), Griffiths-type (side-on adsorption on one surface 
atom), and Yeager-type (side-on bridge adsorption between 
two surface atoms). The examples of three type’s oxygen 
adsorption structures on O2-substituted surface were pictured 
in Figure 2. Considering the symmetry, the energies for 
Pauling-type and Griffiths-type adsorption were calculated 
only for sites A and B for a clean surface, while the energies 
of Yeager-type adsorption were calculated between the A-B, 
A-C and C-D sites. On O-substituted surfaces, the symmetry 
was broken due to the O-substitution and the adsorption 
energies for the three-types of structures were calculated for 
every possible site. We assumed that strong oxygen adsorption 
sites can be active sites for the ORR.  
 

 

 
Figure 2. The structures of oxygen molecular adsorption of (a) Pauling-style at 
B site, (b) Griffiths-style at A site, and (c) Yeager-style between B and D on O2-
substituted surface from three directions. The big purple atoms are Ta, small 
blue atoms are N and small red atoms are O. 

 The adsorption energy is defined as 
 Ead = E(surf + O2) - {E(surf) + E(O2)},   
where E(surf + O2), E(surf), E(O2) are the respective energies 
of the surface with adsorbed O2, only the surface, and O2 itself. 
The negative value of Ead means that the adsorption of oxygen 
on the surface is exothermic. The theoretically obtained 
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adsorption energies for Pauling-type and Griffiths-type 
adsorption on clean and O-substituted surfaces are shown in 
Table 1(a). The adsorption energies for Yeager-type 
adsorption were also calculated and are listed in Table 1(b).  
 The adsorption energies on the clean surface range from 
0.05 to -0.06 eV in Table 1. Therefore, the oxygen molecules 
cannot adsorb at any sites on the clean surface. However, 
oxygen molecules can adsorb strongly on both the O1-
substituted and O2-substituted surfaces because all Ead in 
Table 1 are negative. Here we investigated the relationship 
between the adsorption energies and the number of substituted 
oxygen atoms for Pauling-type, Griffiths-type and Yeager-
type adsorption. A comparison of the energy distribution on 
clean, O1-substituted and O2-substituted surfaces indicated 
that oxygen molecules strongly adsorb when the number of 
surface substituted oxygen atoms increases.  
 Next, the adsorption energies of each adsorption type were 
compared. The results of both O1-substitued and O2-
substituted surfaces show that oxygen molecules with the 
Griffiths-type structure adsorb stronger than those with the 
Pauling-type structure. This is because one Ta-O bond is 
formed in Pauling-type adsorption, whereas two Ta-O bonds 
are formed in Griffiths-type adsorption. The activation energy 
of the structural change from Pauling-type adsorption to 
Griffiths-type adsorption on B and C sites was examined on 
O1-substituted and O2-substituted surfaces. The calculated 
activation energy is as large as 0.3 eV. The adsorption 
energies of Pauling-type structures are weaker than those of 
Griffiths-type structures and the activation energies from 
Pauling-type to Griffiths-type adsorption is not so high; 
therefore, we consider that all Pauling-type adsorption 
changes to Griffiths-type adsorption on every site. In the case 
of Yeager-type adsorption, oxygen molecules can adsorb on 
every site on O1-substituted and O2-substituted surfaces. 
Figure 3 shows the relationship between the adsorption energy 
and Ta-Ta bond length. From the analysis, oxygen molecules 
were determined to strongly adsorb between closely located 

  

Figure 3. Adsorption energies of Yeager-type structure on O2-substituted 
surface are shown as a function of the distance between adsorption sites of 

two Ta atoms. 
Ta atoms. The same trend can be seen on O1-substituted 
surface as well (see Table 1(b)). From analysis of oxygen 
adsorption on O-substituted surfaces, two types of adsorption 
sites were determined to be possible active sites. One is 
Yeager-type adsorption between two closely located Ta atoms, 
and the other is Griffiths-type adsorption on every Ta atom in 

the O-substitution structure. Therefore, we consider that the 
ORR starts from these two types of O2 adsorption. 
 From experiments, O2 adsorption was reported by TPD. 
The estimated O2 adsorption energy of Ta3N5 nanoparticle is 
about 0.3 eV (desorption peak around 110 – 120 K). By taking 
into account the entropic contribution to the free energy at 
110-120 K (S=205.138 J K-1 mol-1 from the database52), 0.5-
0.6 eV of the adsorption energy in our results are reasonable. 
This value is between that on clean surface and O1-substituted 
surface. It should be noted that considering the lack of van der 
Waals interactions in our calculations and the impurities left 
on Ta3N5 nanoparticle in real system, it is difficult to compare 
the adsorption energy directly. However, investigation of the 
surface reaction on model system is in general the basis for the 
design of catalysts. Thus, we focused on the discussion 
comparing clean surface and O-substituted surface using the 
model system. 

Table 1. (a)Calculated adsorption energy for Pauling-type or Griffiths-type O2 
adsorptions. The ‘site’ column shows the positions of O2 adsorption shown in 
Figure 1(d). In middle column, ‘style’, shows adsorption type, G means 
Griffiths-type structure and P means Pauling-type structure. (b)Calculated 
adsorption energy for Yeager-type structure together with the adsorbed Ta-Ta 
length in the middle column. 

 

 

3.2 Mechanism for the ORR on Clean and O-substituted 
Surfaces 

 In this section, we examine the mechanism for the ORR 
starting from Yeager-type and Griffiths-type adsorption on 
clean and O-substituted surfaces. As an example of an O-
substituted surface, the O2-substituted surface (Fig. 1(c)) was 
selected because the effect of O-substitution is stronger on the 
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O2-substituted surface than that on the O1-substituted surface. 
The active sites for the oxygen reduction reaction were 
determined to be B-D site in Yeager-type adsorption and A 
site in Griffiths-type adsorption because the adsorption energy 
on these two sites are strongest among other sites (see Table 1, 
the data about O2-substituted surface). 
 Both 4-electron and 2-electron reactions on clean and O2-
substituted surfaces were considered as mechanisms for the 
ORR. The 4-electron and 2-electron reactions are: 
 O2 + 4H+ + 4e-    →   2H2O (4-electron) 
 O2 + 2H+ + 2e-    →   H2O2. (2-electron) 
It has remained controversial which reaction occurs, even on a 
Pt surface, although the 4-electron reaction is considered to be 
favourable. Therefore, we examined the possibilities of both 
reactions on clean and O2-substituted Ta3N5 surfaces. The 
reaction difference between 4-electron and 2-electron reaction 
is whether O-O bond breaking occurs or not. We assumed that 
O-O bond breaking is likely to occur when oxygen molecule 
adsorbs between two Ta sites. By contraries, oxygen reduction 
without O-O bond breaking is likely to proceed when oxygen 
adsorb on one Ta sites. Based on this assumption, the energy 
diagram of 4-electron reaction from Yeager-type oxygen 
adsorption and 2-electron reaction from Griffiths-type oxygen 
adsorption were calculated. The energy diagrams of 4-electron 
and 2-electron reactions on clean and O2-substituted surfaces 
were examined by the frequently used method for the 
electrochemical reaction originally suggested by Nørskov et 
al2. Here, we treat the energy of (H+ + e-) to be equal to that of 
1/2 H2 to take into account the reaction under the condition of 
0.0 V vs. SHE (standard hydrogen electrode). The entropic 
effect and zero-point energy (ZPE) correction were included 
for the calculation of H2 and O2 molecules using the 
database52. For the adsorbed species, the entropic effect can be 
ignored and the only ZPE correction of 0.07 eV for O* and 0.3 
eV for OH* was added following to ref. 2. For a water-
adsorbed system, ZPE is estimated to be 0.6 eV, which is 
twice that of an OH-adsorbed system. ZPE corrections in our 
system can be justified because they are originated to the O-H 
vibration and not heavily depending on the kinds of the 
surfaces. For example, ZPE corrections were calculated on 
TiO2 (110) to be 0.05 eV for O*, 0.35 eV for OH* and 0.7 eV 
for OH2*53. On α-Fe2O3 system, they are 0.04 eV for O*, 0.37 
eV for OH* and 0.67 eV for OH2*54. The difference among 
the system is within 0.1 eV. The adsorption energies of 
intermediates were calculated using this method with basis set 
superposition error (BSSE) and dipole corrections. To 
consider the water affinity effect, three water molecules were 
added for the surface including OH* and H2O* species. Here 
we use “*” to denote an adsorbed species.  

3.2.1 Reaction Mechanism Starting from Yeager-type 
Adsorption 

 The mechanism for the ORR on a clean surface starting 
from Yeager-type oxygen adsorption for the 4-electron 
reaction was examined first. The calculated energy diagram 
and the structures of the adsorbed species at each step are 
shown in Figures 4 and 5, respectively. Because O2 itself 
cannot adsorb onto the clean surface, oxygen first adsorbs 
together with (H++e-) and then forms OOH* (step 2). The 
adsorbed O-O bond is broken with the second (H++e-) transfer 
to form O* and H2O* (step 3) without an energy barrier. H2O 

then desorbs from the surface and the O* species (step 4) 
remains. Following the subsequent (H++e-) transfer, H2O* is 
formed again (step 6). The second H2O desorption is the rate-
determining step that requires an energy of 1.28 eV (step 7). 
During the geometry optimizations, the reaction path forming 
OH* and OH* after the second (H++e-) transfer cannot be 
found in our calculations. The second H2O desorption energy 
is higher compared to the first H2O desorption energy. Z. Zou 
et al investigated the water adsorption and dissociation on 
Ta3N5 (100) surface by DFT calculations41. They claimed the 
dangling bond strongly adsorb water on surface. Similar to 
this mechanism, in the present study, the clean surface with 
adsorbed O* is positively charged (Mulliken charge of 
adsorbed O* is -0.40), which means the reduction of dangling 
bond on the surface. This leads to the decrease of the first H2O 
desorption energy. From our calculations, the bottleneck for 
the reaction is water desorption at the last step. It should be 
stressed that O2 cannot adsorb without (H++e-) on the clean 
surface; therefore, almost all the active sites may be covered 
by other molecular species such as H2O* and OH*. The 
adsorption of these species can also decrease the catalytic 
activity. 
 

 
Figure 4. Calculated energy diagram of ORR on clean surface. The formation 
energy of H2O at step 7 is calculated in the gas phase model to be 4.07 eV 

 

Figure 5. Structures of adsorbed species at each reaction step of ORR. The 
number corresponds to the number of reaction step in Fig. 4. 

 
Next, the mechanism for the ORR on an O2-substituted 
surface starting from Yeager-type oxygen adsorption for the 4-
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electoron reaction was examined. The calculated energy 
diagram and structures of the adsorbed species are shown in 
Figures 6 and 7, respectively. An oxygen molecule first 
adsorbs strongly on the O2-substituted surface. The O-O bond 
then breaks when (H++e-) transfers to form O* and OH* (step 
3) without any energy barrier. After consecutive (H++e-) 
transfer, O* and H2O* is produced (step 4). Energy of 0.82 eV 
is required for the first water desorption (from step 4 to step 5). 
The second water desorption (from step 6 to step 8) requires 
the energy of 0.94 eV. From our calculations, the rate 
determining step for the reaction on an O2-substituted surface 
is also the water desorption. The energy barrier for the water 
desorption is less than that for a clean surface. Therefore, the 
O2-substituted surface has higher ORR activity. However, the 
stable OH* and H2O* species decrease the catalytic activity, 
as shown by the dashed line in Figure 6 (step 4 and step 5). 

 

Figure 6. Calculated energy diagram of ORR on O2-substituted surface. 

 

 

Figure 7. Structures of adsorbed species at each reaction step of ORR. The 
number corresponds to the number of reaction step in Fig. 6. 

3.2.2. Reaction Mechanism Starting from Griffiths-type 
Adsorption 

 An energy diagram was next calculated for the ORR which 
starts from Griffiths-type adsorption for the 2-electron 
reaction. The calculated energy diagram is shown in Figure 8 
together with the structures of adsorbed species on the O2-
substituted surface. The red and blue lines represent the 
energy for the ORR on clean and O2-substituted surfaces, 
respectively. On the clean surface, oxygen adsorbs onto the 
surface with (H++e-) (step 3) and the reaction proceeds to 
generate H2O2* (step 4). The H2O2 desorption energy is 
approximately 0.84 eV (step 5). On the O2-substituted surface, 
oxygen adsorbs strongly onto the surface (step 2) and OOH* 
is generated (step 3). An energy of 0.81 eV is required from 
OOH* to produce desorbed H2O2 (step 4). Our calculations 
indicate that the 2-electron reaction proceeds on the O2-
substituted surface rather than on the clean surface because of 
the stronger O2 adsorption energy and slightly smaller H2O2 
desorption energy on O2-substituted surface. Compared with 
experimental data, the H2O2 formation energy of 0.59 eV is 
relatively smaller than that in the database52 (1.25 eV) because 
the energy is calculated in a gas phase model in the present 
study. Therefore, we inserted experimental data for step 5 to 
elucidate that H2O2 production proceeds with the little energy 
barrier. By comparing the 4-electron and 2-electron reactions, 
the smaller energy barrier on the 2-electron reaction shows 
that the main product on the Ta3N5(100) surface is H2O2, 
which is in good agreement with the experimental report that 
suggests hydrogen peroxide is obtained on metal oxide and 
nitride catalysts24. 

  

 

Figure 8. Calculated energy diagram of H2O2 production on clean and O2-
substituted surface. The red line shows the reaction on clean surface and blue 
line shows the reaction on O2-substituted surface. Corresponding structures 
are shown as the snapshot of each reaction step on O2-substituted surface. 
The yellow line at step 5 is derived experimental formation energy of H2O2(l)54. 

 

3.3 Difference in Catalytic Activity Between Clean and O-
substituted Surfaces 

 A comparison of the reaction on clean and O2-substituted 
surfaces indicates that the O2-substituted surface has higher 
catalytic activity than the clean surface. The small adsorption 
energy of O2 may be the bottleneck for the 4-electron and 2-
electron reactions on a clean surface. OH and H2O adsorb 
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strongly onto the clean surface; therefore, the surface sites are 
covered by water, which suppresses O2 adsorption. On the 
other hand, O2 adsorbs strongly onto the O2-substituted 
surface and the probability of starting the reaction is higher 
than on the clean surface. In addition, the H2O and H2O2 
desorption energy is smaller than on the clean surface. A 
summary of the energy diagram calculations indicates that the 
O2-substituted surface has higher catalytic activity because of 
strong O2 adsorption energy and smaller H2O2 desorption 
energy. It should be noted that O2-substituted surface is one 
model system for the oxidized surface. Considering O2 
adsorption energy reported by experiment is between that on 
clean surface and O1-substituted surface, oxygen reduction 
reaction possibly occurs at partially oxidized Ta3N5 surface.  

3.4 Origin of Catalytic Activity on the Ta3N5(100) surface 

 From the discussions in sections 3.2 and 3.3, the difference 
of the catalytic activity for the ORR on clean and O2-
substituted surfaces is determined to be the O2 adsorption 
energy and H2O/H2O2 desorption energy. Our previous 
calculations of the density of states (DOS) for clean and O-
substituted surfaces show that an impurity state appears 
between the CB and VB on the O-substituted surface, which 
allows O2 adsorption40. The impurity state can attack O2 π* 
anti-bonding orbitals to weaken the O-O bonds, which leads to 
O2 chemisorption on the surface. The ORR catalytic activity is 
significantly related to the O2 adsorption energy; therefore, the 
impurity state is essential for the catalytic activity of non-
conductive transition metal oxides or nitrides. In particular, 
when the π* orbital of O2 is located above the VB in a 
semiconductor, the transfer of electrons from the 
semiconductor surface to O2 molecule is difficult without the 
impurity state. In this context, the adsorption (binding) 
energies of O2 and OH on clean and O-substituted surfaces 
were examined, and the calculated energies are given in Table 
2. The O2 adsorption energy changed significantly from 0.0 
eV (on the clean surface) to -2.0 eV (on the O2-substituted 
surface), and the adsorption energy of OH changed from -2.3 
eV (on the clean surface) to -3.3 eV (on the O2-substituted 
surface). Thus, OH interacts strongly even on the clean 
surface. The variety of O2 adsorption energies contributes to 
the difference in catalytic activity between the clean and O-
substituted surfaces and the strong binding energy of OH leads 
to the endothermic water desorption energy even on the O2-
substituted surface. Finally, effect of Hubbard U parameter on 
the binding energy was investigated. The parameter (U=5.0 
eV) was selected to recover the experimental band gap (2.1 
eV39) in the bulk system. The calculated O2 adsorption 
energies were -0.71 eV and -1.21 eV, and OH binding 
energies were -2.7 eV and -2.9 eV on O1-substituted and O2-
substituted surfaces respectively. All the values are reduced 
and Hubbard U correction affects the energy diagram. The 
decrease rate of the O2 adsorption energies are 21 % and 40 % 
and the decrease rate of the OH binding energies are 21 % and 
40 % on O1-substituted and O2-substituted surfaces 
respectively. Because the adsorption of O2 needs the electron 
donation from the surface, it strongly depends on the level of 
the impurity states easily affected by the Hubbard U 
correction. On contrary, OH binding energy dependence on 
the correction is relatively small. Thus, the energy from OH* 
(step 6 in Figure 6) to produce water (step 8 in Figure 6) on 

O2-substituted surface may not be largely affected by 
Hubbard U corrections.  
 
Table 2. Calculated adsorption energy of O2 and OH with Ta3N5 (100) surfaces. 

O2* OH* 

clean surface  -0.1 eV -2.3 eV 

O1-substituted surface -0.9 eV -3.0 eV 

O2-substituted surface -2.0 eV -3.3 eV 

3.5 Strategy to Control ORR Activity 

 From discussions in the last subsections, a strategy for the 
higher ORR activity can be achieved by controlling the energy 
level of the impurity state. Therefore, the energy levels of the 
O2-substituted Ta3N5 surface and reactant molecules (O2, OH) 
were analysed by calculation of the DOS. The relative 
energies of O2 and OH to the O2-substituted surface are 
calculated by setting the same vacuum level. The DOS 
calculated for Ta3N5, O2 and OH are shown in Fig. 9(a). The 
distribution of the impurity state for Ta3N5 (red line) crosses 
the Fermi energy. The singly occupied molecular orbital 
(SOMO) of O2 (blue line) has an energy peak at -2.3 eV and 
the SOMO of OH (yellow line) has an energy peak at -1.2 eV. 
By considering the interaction with the Ta impurity state, the 
energy peak for the SOMO of OH is closer than that for O2 
(see Fig. 9(b)). This means that interaction between the 
impurity state and SOMO of OH is strong, which leads to the 
stable adsorption of OH*. Therefore, the O2 and OH 
adsorption energies can be controlled by changing the energy 
level of the impurity state.   
 Let us consider how to improve the ORR activity. To 
enable O2 adsorption on the surface, the impurity state must be 
located above the SOMO level of O2. In contrast, to decrease 
the OH binding energy, the impurity state is better located far 
away from the SOMO level of OH. Therefore, the target 
energy for the impurity state is above the SOMO level of O2 
and under the SOMO level of OH. Thus, to improve the ORR 
activity, we propose the (co)doping of carbon atoms in 
accordance with oxygen. O-substitution on nitrides donates 
electron that makes the impurity state below the CB that can 
act as d band in metal catalysts. On contrary, C-substitution 
donates hole that undershifts the energy level of the impurity 
state. Thus, C-substitution could possibly weaken the binding 
energy of OH while keeping the energy of the impurity state 
above the SOMO level of O2. This is consistent with 
experimental results for the order of catalytic activity among 
Ta3N5, TaNO and TaCNO23,32, where TaCNO has the highest 
activity; TaCNO>TaNO>Ta3N5. 
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Figure 9 (a) Calculated DOS of Ta3N5 O2-substituted surface, isolated O2 and OH 
are shown. The red line shows the contribution of Ta 5d orbital in Ta3N5, blue 
line shows the contribution of O 2p orbital in O2, the yellow line shows the 
contribution of O 2p orbital in OH respectively. The energy peak of -2.3 eV in 
blue line corresponds to O2 SOMO orbital and the energy peak of -1.2 eV in 
yellow line corresponds to OH SOMO orbital. (b) A schematic picture of relative 
energy of Ta3N5, O2 and OH is shown. The impurity state of Ta3N5 has higher 
energy than OH and O2. 

Conclusions 

 The reaction mechanism for the ORR on Ta3N5(100) 
surfaces has been examined theoretically. Clean and O-
substituted surfaces were modelled to examine the relationship 
between the surface structures and catalytic activities. First, 
the adsorption structures and energies of oxygen were 
examined to clarify the mechanism for the ORR. From our 
calculations, it can be concluded that there are two possible 
adsorption structures of oxygen: Yeager-type and Griffiths-
type. Energy diagrams for both the 4-electron and 2-electron 
reactions on both clean and O-substituted surfaces were then 
examined. By comparing each reaction, H2O/H2O2 desorption 
was determined as the rate-determining step on both clean and 
O2-substituted surfaces. The difference in the catalytic activity 
of the clean and O2-substituted surfaces is mainly due to O2 
adsorption energy, and the O2-substituted surface is 
considered to have higher catalytic activity. Finally, we 
analysed the energy level of the impurity state for the O2-
substituted surface and the orbital energies of adsorbed species. 
Based on the results, we have demonstrated the possibility of 
catalytic activity control by changing the surface structures. 
Control of the energy of the impurity state just above the 
SOMO level of O2 is an effective way to improve catalytic 
activity for the ORR, and we have suggested C-doped Ta3N5-

xOx as candidates for higher catalytic ORR activity. The 
concepts presented here are fundamental and useful for the 
design of new materials with higher catalytic activities.  
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