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ABSTRACT  

Electrochemical ammonia oxidation reaction (AOR) is promising as an alternative anodic 

reaction to oxygen evolution in water electrolysis system. Herein, we develop a microkinetic 

model based on density functional theory (DFT) calculations for all possible reaction pathways 

considering both thermochemical and electrochemical N-N bond formation processes. From the 

microkinetic analysis, we discover that Faradaic bond formation contributes to AOR more 

significantly than non-Faradaic counterpart and we observe good agreements with the 

experimental results. We then construct a kinetic volcano plot using binding energies of two 

reaction intermediates as descriptors, which suggests a catalyst design strategy. Following this 

strategy, we enumerate numerous alloy combinations and identify a few promising candidates 

with higher catalytic activity than the most active monometallic Pt catalyst.  
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1. Introduction 

Toward a sustainable energy cycle, H2 economy has been considered as one of the most 

promising solutions to overcome drawbacks of the current fossil fuel economy since it does not 

emit any pollutants or greenhouse gases during conversion processes1, 2. However, 96 % of the 

current H2 production relies on thermochemical conversions of carbon-based fuels via pyrolysis, 

gasification and steam reforming of natural gas, requiring clean alternative methods2, 3. Water 

electrolysis has been investigated to produce green H2, which consists of H2 evolution reaction 

(HER) at the cathode and O2 evolution reaction (OER) at the anode4. While the cathodic reaction 

is considerably facile and various types of catalysts could be employed, the anodic reaction 

suffers from large overpotentials and harsh operating conditions, requiring noble metal-based 

oxide catalysts such as Ir and Ru oxides5, 6. As an alternative anodic reaction, electrochemical 

ammonia (NH3) oxidation reaction (AOR) has several advantages over OER7. The operating 

potential (< 1 VRHE) of AOR is much lower than that of OER (> 1.5 VRHE), thus catalyst 

materials are not limited to oxides as in OER. In addition, the equilibrium potential for N2/NH3 is 

0.06 VRHE, indicating that, when coupled with HER, theoretically 95 % less electrical energy is 

required compared to OER of which the equilibrium potential is 1.23 VRHE 
8, 9. 

Pt and Pt-based alloys have demonstrated catalytic responses for AOR10-14. Katan and 

Galiotto evaluated Pt black for anodic AOR, where they observed the current efficiency of nearly 

100 % for N2 production10. Vidal-Iglesias et al. analyzed structure sensitivity of polycrystalline 

Pt12, where they found that Pt (100) facet showed strong NH3 oxidation peak at 0.57 VRHE, while 

relatively small oxidation peaks were observed at potentials higher than  0.8 VRHE and lower than 

0.6 VRHE for (110) and (111), respectively. To further improve the catalytic activity of Pt 

catalysts, Vitse et al. investigated bimetallic alloys of Pt-Ir and Pt-Ru,13 where they observed a 
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reduction in overpotentials to achieve the current density of ~70 mA cm-2 for Pt-Ir (0.36 V) 

compared to Pt (0.56 V). Mishima et al. also examined Pt-Ir alloy using cyclic voltammetry and 

differential electrochemical spectroscopy (DEMS)15, and they observed that Pt-Ir exclusively 

produced N2 and NO at low (0.40 ~ 0.80 VRHE) and high (above 0.80 VRHE) potentials, 

respectively. A systematic study was performed by De Vooys et al.16 for a series of reactive 

transition metals (Pt, Pd, Rh, Ru, and Ir) and coinage metals (Ag, Au, Cu) in alkaline conditions 

using voltammetry and DEMS. They suggested that Pt and Ir achieved the best catalytic 

activities due to moderate adsorption energies of atomic nitrogen (N*). It was proposed that the 

transition metals with strong N* affinity such as Ru, Rh, and Pd are not suitable for AOR, since 

adsorbed NHx* species readily get deprotonated to N* leading to kinetically sluggish N-N 

coupling, while weak N* affinity of the coinage metals prevents a facile NH3 activation.  

Using density functional theory (DFT) calculations, Herron et al. investigated catalytic 

activities of AOR on the most close-packed surfaces (e.g., (111) facet of face-centered cubic 

(FCC) metals) of 12 transition metals9, where they considered reaction mechanisms involving 

two non-Faradaic N-N bond coupling processes of adsorbates: (1) Gerischer and Mauer (GM) 

mechanism17, where adsorbed NHx species (NHx*) form N-N bond (NHx* + NHy* → N2Hx+y*) 

and (2) NN mechanism, where two fully deprotonated N* form N-N bond (N* + N* → N2*). 

Generally, GM mechanism was found to be kinetically more facile compared to NN mechanism. 

By calculating the electrochemical limiting potentials (UL) and activation energies (Ga,i) of N-N 

coupling processes, they concluded that Pt is the most active metal followed by Ir, which is in 

agreement with the previous experiments16. Recently, Elnabawy et al. performed a similar 

analysis on more open (100) facet of 8 FCC transition metals to understand the effect of facets 

on AOR18. The activation energy of N-N bond formation through the coupling of two NH2* 
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(NH2* + NH2* → N2H4*) on Pt (111) was 1.07 eV, which is lowest among the GM and NN 

mechanisms. On Pt (100), however, the lowest activation energy of N-N bond formation (N* + 

N* →  N2*) was 0.53 eV via NN mechanism, indicating higher AOR activity on Pt (100) 

compared to Pt (111). It was highlighted that higher catalytic activity of Pt (100) was originated 

from weaker N* adsorption energy than Pt (111), which destabilizes reactants, thus facilitates the 

dimerization of two N*. We note that only N-N coupling processes via two adsorbates have been 

considered in AOR in literature and microkinetic modeling that quantitatively predicts results of 

complex electrochemical AOR has not been reported to date. 

 In this work, we performed DFT calculations to systematically examine 26 d-block 

transition metals for AOR considering all possible reaction mechanisms. In addition to GM and 

NN mechanisms, we investigated electrochemical N-N coupling processes. We employed linear 

scaling relations and Brønsted−Evans−Polanyi (BEP) relations to construct a two-dimensional 

kinetic volcano plot through the microkinetic modeling. We found that a contribution of 

electrochemical N-N coupling is more significant than thermochemical GM/NN mechanisms, 

highlighting the importance of including electrochemical pathways to rationally predict catalytic 

activities. The microkinetic modeling results confirmed that Pt is the most active monometallic 

catalyst and provided a design strategy to improve the catalytic activity. Based on the suggested 

strategy, we screened bimetallic alloys consisting of two metals with different N-affinities and 

proposed a few alloy combinations (IrAu3, RhAg3, NiCu3, RhAu3, PtCu3, NiAg3, PdCu3 and 

NiAu3) as more active catalysts than Pt. We expect this work to provide a fundamental 

understanding and be a basis of developing new active catalysts for AOR. 
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2. Computational Details 

2.1 DFT Calculations 

Spin-polarized DFT calculations were performed using VASP code (version 5.4.4.)19, 20 

with Bayesian error estimation functional with van der Waals correlation (BEEF-vdW)21, which 

accurately describes chemical and physical interactions. For bulk (slab) relaxations, convergence 

tolerances for force and energy were set to 0.03 eV/Å (0.05 eV/Å) and 10-5 eV (10-4 eV), 

respectively. A kinetic energy cutoff was set to 500 eV (400 eV), and k1 ×  k2 ×  k3 (k1 ×  k2 ×  1) 

Monkhorst-pack k-point sampling satisfying an ×  kn  > 25 Å  was used, where an is a length of the 

unit cell vector22. After relaxing 26 d-block bulk structures, we modeled (111) surface for FCC 

metals (Ag, Au, Cu, Ir, Ni, Pd, Pt, Rh), (110) for BCC metals (Cr, Fe, Mn, Mo, Nb, Ta, V, W) 

and (0001) for HCP metals (Co, Hf, Os, Re, Ru, Sc, Tc, Ti, Y, Zr). For all slab structures, four-

layered (3 × 3) surfaces were modeled with 20 Å of a vacuum layer added in the z-direction to 

avoid imaginary interactions between repeating atomic structures (Figure S1). 

To calculate free energies of electrochemical deprotonation steps, we employed the 

computational hydrogen electrode (CHE) method, which assumes that the chemical potential of 

proton and electron pair (H+ + e-) is equal to that of 0.5 H2(g) at standard conditions and U = 0 

VRHE
23. DFT calculated electronic energies were converted into free energies by adding free 

energy corrections, i.e., 𝐺 =  𝐸𝐷𝐹𝑇 + 𝑍𝑃𝐸 +  ∫ 𝐶𝑝 𝑑𝑇 − 𝑇𝑆 , where 𝐸𝐷𝐹𝑇 is DFT calculated total 

energy, and 𝑍𝑃𝐸 , ∫ 𝐶𝑝 𝑑𝑇 , and 𝑇𝑆  correspond to zero-point energy, enthalpic, and entropic 

corrections, respectively. These corrections were calculated using the ideal gas (harmonic) 

approximation for gas molecules (adsorbates) implemented in Atomic Simulation Environment 

(ASE)24 (Table S1). An implicit solvation effect was included using VASPsol25. We calculated 
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binding free energies of adsorbates with respect to H2 and NH3 molecules (Supplementary Note 

1) 

2.2 Microkinetic Modeling 

To predict turnover frequencies (TOF) of AOR, we performed a microkinetic modeling 

based on the mean-field theory and the steady-state approximation using CatMAP code26. For 

thermochemical N-N bond formation steps, the rate constant is expressed as 

𝑘𝑖 =
𝑘𝐵𝑇

ℎ
 𝑒𝑥𝑝{−𝐺𝑎,𝑖 𝑘𝐵𝑇⁄ } 

where kB, h and Ga,i are Boltzmann constant, Planck constant and activation energy of i th step, 

respectively, and prefactor (kBT/h) is calculated to be 6.21 × 1012 at T= 298.15 K. To estimate 

activation energies of thermochemical N-N bond formation steps (GM and NN mechanisms) for 

all transition metals, we used BEP relations based on the previous DFT results by Herron et al.9. 

Although the previous study used a different functional (PW91) and did not include the solvation 

effect, we observed that reaction free energies and activation energies were qualitatively in good 

agreement (Figure S2, S3). The activation free energies of the thermochemical N-N bond 

formation steps, Ga,i, were calculated as follows: 

𝐺𝑎,𝑖 = 𝐺𝑎,𝑖
𝑟𝑒𝑓

+ 𝛾𝑖(∆𝐺𝑟𝑥𝑛,𝑖 − ∆𝐺𝑟𝑥𝑛,𝑖
𝑟𝑒𝑓

) 

where Ga,i, ∆𝐺𝑟𝑥𝑛,𝑖 and 𝛾𝑖 are activation free energies, reaction free energies and BEP slope for 

each N-N bond formation step. The superscript ‘ref’ refers to the calculated values for Pt (111). 

The Ga,i obtained from the BEP relations are summarized in Table S2. 

For electrochemical N-N coupling steps, the rate constant of the i th step is calculated as 
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𝑘𝑖 = 𝐴𝑖  𝑒𝑥𝑝{−𝐺𝑎,𝑖 𝑘𝐵𝑇⁄ } 

where 𝐴𝑖  corresponds to the effective prefactor (1.0 × 109) for electrochemical steps, which 

approximately captures the effect of solvent rearrangements at metal/H2O interface during the 

proton-electron transfer27. The potential dependence of the Ga,i is described as: 

𝐺𝑎,𝑖(𝑈𝑖) =  𝐺𝑎,𝑖(𝑈𝑖
𝑜) + 𝛽𝑒(𝑈𝑖 − 𝑈𝑖

𝑜) 

where 𝛽 is a symmetric factor, which was assumed to be 0.5. The 𝑈𝑖  and 𝑈𝑖
𝑜  are the applied 

electrode potential and the equilibrium potential of the corresponding electrochemical step, 

respectively, and 𝐺𝑎,𝑖(𝑈𝑖) and 𝐺𝑎,𝑖(𝑈𝑖
𝑜) are activation energies at those potentials. We assumed 

that Ga,i of all electrochemical steps are equivalent at their equilibrium potentials, following the 

simple reversible potential model by Hansen et al., i.e., 𝐺𝑎,𝑖(𝑈𝑖
𝑜) = 𝐺𝑎(𝑈𝑜)27. In this theoretical 

framework, we used 0.3 eV of the constant activation energy for deprotonation steps28.  

  



 9 

3. Results and Discussions 

3.1. Thermodynamic Limiting Potentials and Coupling Barriers 

 

Figure 1. All possible reaction pathways for AOR. Electrochemical pathways (E-path) involve 

N-N coupling through the electrochemical deprotonation processes, while thermochemical 

pathways (T-path) involve GM and NN mechanisms. The coupling steps are highlighted with 

black dashed rectangles. Color code: Blue (N) and white (H). 
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A general approach to computationally investigate catalytic activities of electrocatalysts 

is to calculate the limiting potential (UL), defined as the minimum potential to make all reaction 

steps downhill in the case of oxidation reactions29, 30. In this computational framework, 

electrochemical (de)protonation barriers are usually assumed to be surmountable (< 0.7 eV at 

298 K) when UL is applied, as evidenced by qualitative agreements between computational and 

experimental results for various electrochemical reactions31. This purely thermodynamic 

approach has been proved to be successful in reproducing experimental results and useful for 

providing catalyst design strategies32-37. 

When bond formations or dissociations through adsorbates are involved, however, 

merely UL cannot be used to predict catalytic activities, since those processes are potential-

independent38, 39. Therefore, it is essential to perform the microkinetic analysis to estimate TOFs 

by considering both thermodynamic/kinetic aspects and effects of the electrode potential. 

Although thermochemical coupling processes including GM (NHx* + NHy* → N2Hx+y*) and NN 

(N* + N* → N2*) mechanisms have mainly been investigated in literature, N-N coupling 

through electrochemical NH3 deprotonation could also take place similar to the analogous 

process in OER, i.e., O* + H2O →  OOH* + (H+ + e-)40. Thus, we additionally included 

electrochemical coupling processes between adsorbed NHx* and NH3 molecule, i.e., NHx* + 

NH3 → N2Hx+2* + (H+ + e-), in the microkinetic modeling. Note the electrochemical N-N bond 

formation involving deprotonations are potential-dependent. The reaction pathways containing 

thermochemical and electrochemical bond formations will be referred to as "T-path" and "E-

path", respectively, hereafter. In total, we investigated 15 reaction pathways (Figure 1). In the 

following, we demonstrate the limitations of the purely thermodynamic approach, and discuss 
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results of the quantitative microkinetic analysis. Finally, we construct a kinetic volcano plot and 

propose a design strategy for an improved catalytic activity. 

 

Figure 2. (a) The lowest UL among all possible E-path (blue) and T-path (red). (b) The lowest 

Ga,i of thermochemical N-N bond formation steps in T-path. Free energy diagrams of two 

representative reaction pathways on Pt (111), (c) GM 1-1 mechanism (T-path) and (d) distal 

mechanism (E-path). Red and blue lines correspond to barriers of thermochemical coupling (Ga,i 

= 1.2 eV) and electrochemical deprotonation steps (Ga,i = 0.3 eV at their equilibrium potentials), 

respectively. 

 

By calculating UL for all reaction pathways, we summarized the lowest UL and the 

lowest Ga,i (Figure 2, Table S2-4). It is clear that FCC metals with the exception of coinage 

metals (Ag, Au and Cu) demonstrated lower UL than BCC or HCP metals for both E-path and T-

path (Figure 2a). Particularly, Pt and Ir (Rh, Ni and Pd) exhibited the lowest UL for E-path (T-

path). On the other hand, the coinage metals showed higher UL although their activation energies 
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in T-path are comparatively lower than the other FCC metals (Figure 2b). BCC metals generally 

featured higher UL and activation energies than FCC and HCP metals, thus they are expected to 

be not appropriate for AOR. Among HCP metals, Co, Os and Ru demonstrated moderate UL 

although their activation energies are relatively higher than FCC metals which have similar UL. 

From this analysis, one could expect that FCC metals are more active than BCC and HCP metals 

in general, but it is inconclusive which metal is most active and a catalyst design strategy cannot 

be established on this basis. 

 As an additional example, we constructed free energy diagrams of two representative 

pathways on Pt (111); "GM 1-1" mechanism with the most facile N-N coupling step among T-

path (Figure 2c) and "Distal" mechanism with the lowest UL among E-path (Figure 2d). The 

calculated UL for those pathways are 0.45 V and 0.50 V, respectively, suggesting that the former 

is thermodynamically more favorable. Since the thermochemical coupling barrier (1.2 eV) in 

GM 1-1 mechanism is larger and potential-independent, while the electrochemical counterpart in 

Distal mechanism is smaller and potential-dependent, however, one should perform more 

quantitative microkinetic analysis to compare the preference of mechanisms. This would also 

help to provide a catalyst design strategy, enabling in silico catalyst discovery. 
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Figure 3. The calculated TOF of (a) T-path and (b) E-path from the microkinetic modeling for Pt 

(111). A sum of TOF for all T-path is presented as a red dashed curve in (b) for comparison. The 

corresponding N-N coupling step for each pathway is presented, where ‘pe’ indicates a proton 

and electron pair. 

 

3.2. Microkinetic Analysis 

 The kinetic model was built based on all reaction pathways presented in Figure 1. We 

initially investigated a contribution of each pathway to the total TOF for Pt (111). Assuming the 

constant deprotonation barrier of 0.3 eV at the equilibrium potential of each electrochemical 
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step28, we estimated TOF of each reaction pathway. In the case of T-path, the calculated TOFs of 

GM mechanisms are much more significant than NN mechanism (Figure 3a), in agreement with 

the conclusion of the previous work9. This is because the N-N bond formation step in T-path are 

potential-independent, thus lower activation energies in GM mechanisms led to higher TOF. For 

example, among GM mechanisms, TOF of GM 1 (NH2* + NH2* → N2H4*, Ga,i = 1.20 eV) was 

much greater compared to GM 4 (NH* + NH* → N2H2*, Ga,i = 2.69 eV) due to more facile bond 

formation of the former. For all the other metals, similar trends were observed, indicating that 

TOF of T-path is determined mainly by the activation energies of N-N bond formation steps 

(Table S5). 

It is interesting to note that the sum of all TOFs of T-path was negligible compared to E-

path (Figure 3b). In addition, TOF of T-path reached a plateau at potential close to UL of Pt 

(111), while that of E-path increased until the potential increases up to 1.0 VRHE. This could be 

attributed to potential-dependent deprotonation barriers, where increasing potential keeps 

decreasing those barriers, thus increasing the TOFs. These results suggest that E-path contributes 

more significantly to AOR compared to T-path and highlight that the electrochemical N-N bond 

formation steps should be included in the microkinetic modeling. Notably, we observed that the 

total TOF are highly correlated with the minimum value of UL among all E-path, suggesting that 

this can be used as a descriptor for predicting the overall AOR activity (Figure S4). Since there 

is an uncertainty on electrochemical coupling barriers, we also tested 0.6 eV of Ga,i for N-N bond 

formation steps40, but similar trends were observed (Figure S5). Although this is beyond the 

scope of this work, these electrochemical bond formation barriers should be calculated in the 

future considering explicit water molecules and a constant potential scheme41, 42. 
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Figure 4. (a) Scaling relations between binding free energies of N* (∆GN*) and other adsorbates. 

(b) A matrix of MAEs between the predicted and the calculated binding free energies based on 

linear functions of ∆GN* (des 1) and ∆GX* (des 2). ∆GNHNH* was chosen as des 2, which resulted 

in the smallest average MAE.  

 

Since various reaction pathways are involved in AOR, developing simple descriptors 

would be beneficial for efficiently predicting catalytic activities and providing a catalyst design 

strategy43, 44. To reduce a dimensionality of reaction networks of AOR, we expressed binding 

free energies of reaction intermediates in the following linear functions,  

∆𝐺𝑋∗ = 𝛼 ∗ ∆𝐺𝑑𝑒𝑠 1 + 𝛽 ∗ ∆𝐺𝑑𝑒𝑠 2 + 𝛾 

where ∆GX*, ∆Gdes1 and ∆Gdes2 correspond to binding free energies of adsorbate X*, descriptor 1 

(des 1) and 2 (des 2), respectively.  𝛼, 𝛽 and 𝛾 are weights for des 1 and des 2, and an intercept, 

respectively. ∆GN* was chosen as the first descriptor, which is strongly correlated with binding 
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free energies of other adsorbates, except NHNH* (Figure 4a, Figure S6). To choose the second 

descriptor, we calculated mean absolute errors (MAEs) between the predicted binding free 

energies from the linear functions and the calculated ones. NHNH* is chosen as the second 

descriptor, which demonstrated the smallest average MAE for predicting binding free energies of 

the remaining adsorbates (Figure 4b, Figure S7). This could be due to the weakest correlation 

between ∆GN* and ∆GNHNH* (Figure S6).45-49 

Based on the scaling relations and the BEP relations, we constructed a two-dimensional 

volcano plot, which predicts the total TOF using two simple descriptors (∆GN* and ∆GNHNH*) 

(Figure 5). In line with the results of the thermodynamic analysis (Figure 2), BCC and HCP 

metals are suggested to be inactive due to too strong N* binding, while most of FCC metals, 

especially Pt, are predicted to be more active as they are located close to the top of the volcano.16 

Notably, Ag, Au and Cu are positioned at weakly N* binding region and expected to be inert, in 

agreement with the experimental results16. These agreements provide a reasonable rationale for 

using the microkinetic model and the volcano plot to understand the limitations of transition 

metal catalysts and to design new ones by overcoming those challenges.  
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Figure 5. Two-dimensional volcano plot to predict the total TOF using two descriptors (∆GN* 

and ∆GNHNH*). The applied potential was set to 0.60 VRHE, which yielded the maximum current 

density for Pt catalyst.16 Only FCC metals are highlighted for clarity, but the complete version 

can be found in Figure S8. We additionally tested the effect of higher Ga,i, which did not affect 

the overall conclusion (Figure S9). 

 

3.3. Catalyst Design Strategy 

It is clear from the volcano that fine-tuning ∆GN* would be helpful to improve the 

catalytic activity as a change of TOF in the horizontal direction is more significant (Figure 5). 

Thus, one should focus on designing new catalysts of which ∆GN* lies between Pt and Cu. One 
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approach to achieve this goal is to alloy metals with opposite N-affinities50. To validate this 

design strategy, we modeled (111) surface of various AB3 alloys and calculated their ∆GNHNH* 

and ∆GN*, where A (=Pt, Pd, Ir, Ni, Rh) has stronger N-affinity than B (Ag, Au, Cu) (Figure S10, 

Table S6). Among 15 alloy combinations, 8 alloys (IrAu3, RhAg3, NiCu3, RhAu3, PtCu3, NiAg3, 

PdCu3 and NiAu3) are predicted to have larger TOF compared to their constituent metals and Pt. 

We note that AB3 alloys have isolated "A" sites, preventing the thermochemical N-N coupling 

steps since active metal atoms are separated. As the contribution of E-path is much more 

significant on the metal catalysts, we expect the constructed kinetic volcano be valid for alloys as 

well. 

 

4. Conclusions 

 In summary, we investigated catalytic activity trends of AOR on 26 d-block transition 

metals using DFT calculations and microkinetic modeling. By including the electrochemical 

bond formation steps in the microkinetic modeling, we enabled the quantitative comparison of 

various mechanisms and catalysts. Combined with the scaling relations, BEP relations and the 

microkinetic modeling, we constructed the kinetic volcano plot to predict TOF of catalysts using 

binding energies of two adsorbates as descriptors. The volcano plot suggested the catalyst design 

strategy to combine two elements with the opposite N-affinities, and we found a few candidates 

after performing the computational screening based on this strategy. Our study would provide the 

fundamental understanding of AOR and the basis of developing new active catalysts. 
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