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NO Hg0Ỳ ҹ ԍ NO2 Hg2+̆

Ȃ ץ̆ ҩ ҹ Ҭ Ỳ

╕̂SACs̃ΐ ᴰ Ỳ ╕ Ỳ ̆ ѿ

ΐ ⱬ Ỳ ╕Ȃ ̆ ԍ ᵣ Ҭ ̆ ₮ NO

Hg0ΐ Ỳ ╕ׅ Ȃ ̆ ԍ

̂ ꜚ ҹ̃Ỳ ╕ ᶫԅ ̆p ԍ ӎῈ Ỳ

╕ ̆ᶏ Ỳ ╕ ῀ὅ Ȃҹ ̆ ԅ 1197 Ỳ

╕ Ὲ ̆ ԍỲ ̆ ₮ 4 ΐ Ỳ

Ỳ ╕̕ ѿ ԅ Ỳ ╕ ῏

ӟ ̆ Ỳ ╕ ̆ ԅ 3 ᴨל Ỳ

╕Ȃ Ὲ ҹ Ỳ ╕ ᶫ ̆

ӟ ҹỲ NO Hg0 Ỳ ╕ ᶫ Ȃ 

ᾢ̆ Ҭ 3d ̂TiȁVȁCrȁMnȁFeȁCoȁNiȁCu

Zñ ᵝ ̂BȁNȁOȁP S̃̆ ԅ1197 Ỳ

╕ Ȃ ₱ ̂DFT̃ ̆ ԅΐ ₃ᵥ Ỳ ╕

Baderȁd Ҭ ȁᵣ ȁ ῒ O2ȁO

̆ ≠ Streamlitΐ ԅ Ỳ ╕ Ȃ ԍ № ̆

Ҭ Baderȁd Ҭ ᵣ ῏

ԍ ᵝ ̆ᶛ ̆Ҍ Ҭ Ҋᵣ ҹ

1.22~12.11̆Ҍ ᵝ Ҋ Ti Ỳ ╕ᵣ ҹ 1.22~2.44Ȃ

̆ Ҭ ⱴ ῒ̆ O2ȁO ⁞ ̆

ғ ᵝ Ȃ 

ῒ ̆ ԍ╠ֲỲ NO Hg0 ̆ ῤ

Ỳ ╕ ԅ ̆ ԅΐ ⱬ 4 Ҍ ᵝ CoỲ

╕̆№≢ҹCo1P2C2-pen̂C-P ᵝ ȁ̃Co1N1C1P2-pen̂C-N-P ᵝ ȁ̃Co1S1N1C2-

pen̂C-N-Sԓ ᵝ̃ Co1S1N1C2-hex̂C-N-SΈ ᵝ Ȃ̃ DFT ̆

ԅῒỲ NO Hg0 ꜚⱬ Ȃ ̔ 4 Ỳ ╕

Ҭ̆C-P ᵝ CoỲ ╕ΐ ᶃỲ ̆ῒỲ NO Hg0

‗ №≢ҹ 0.982.14 eV̆ ῒ ᴨԍ ╠ ҉ N ᵝ

FeỲ ╕Ȃ ꜚⱬ ̆C-P ᵝ CoỲ ╕

ᴆҊ̆Ỳ NO Hg0 TOFṿ№≢ҹ6.70¦106/s3.23¦
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10-18/sȂ 

̆ ԍỲ ╕ ᵝ № ԅ ӟ ̆ ԅ ӟ

̆ Ỳ ╕ Baderȁᵣ ȁd Ҭ ԅ

Ȃ Baderȁᵣ d Ҭ ‰ ̆

ῒ ҉ ‗ ̂R2̃ ԍ 0.880̆ ̂MAẼ №≢ҹ 0.071ȁ

0.3080.141Ȃ ̆ NO Hg0Ỳ O2 O

̆ῒ ҉ R2№≢ҹ 0.845 0.745̆ №≢ҹ 0.326

0.535Ȃ ԍ ̆ 684 Ỳ ╕ O2 O ԅ

Ҭ׆̆ ₮ԅ 4 Ỳ NO Hg0 ⱬỲ ╕ȂDFT

̆4 Ỳ ╕ O2 O ṿҍ ṿ №

≢ҹ 0.13 0.15 eV̆ғῒҬ Zn1S1N2̂-0.81 -0.39 eV ȁ̃Zn1B1P1C1̂-0.67

-0.61 eṼ Zn1O2N1̂ -0.34 -0.36 eṼ 3 Ỳ ╕ Ỳ NO Hg0

Ỳ ╕Ȃ 

ῗ ̔ Ỳ ╕̕ ̕NOҍHg0 ̕ ꜚⱬ ̕ ӟ 
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I 

Abstract 

The catalytic oxidation of NO and Hg0 to water-soluble NO2 and Hg
2+ is an effective 

way for the synergistic removal of pollutants in coal-fired power plants. Theoretical and 

experimental studies have shown that carbon based single-atom catalysts (SACs) with a 

single metal as the active center have higher catalytic activity and selectivity than 

traditional metal and metal oxide catalysts, making them a highly promising catalyst for 

development. However, due to the diverse types of carriers and active centers, the rapid 

screening of single-atom catalysts with high activity for NO and Hg0 remains a challenge. 

Recently, the fourth scientific paradigm based on data science (data-driven science) has 

provided a new approach for rapid screening of catalysts, but the lack of publicly available 

single-atom catalyst databases has led to a deadlock in the efficient design of catalysts. 

To this end, a public database containing 1197 single-atom catalysts was constructed, and 

based on the catalytic activity volcano map, 4 single-atom catalysts with high catalytic 

activity were screened out. Further trained machine learning models that can quickly 

predict the electronic structure properties of catalysts and the adsorption energy of key 

species, enabling rapid prediction of catalysts outside the database and obtaining 3 

potential advantageous single-atom catalysts. The public database established in this 

study can provide data support for the design of single-atom catalysts, and the developed 

machine learning models can provide theoretical guidance for the rapid screening of 

efficient catalysts for catalytic oxidation of NO and Hg0. 

Firstly, 1197 single-atom catalyst structures were constructed by 3d metal substitution 

of active centers (Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) and non-metallic doping of 

coordination atoms (B, N, O, P, and S). By using high-throughput density functional 

theory (DFT) calculations, the metal Bader charge, d-band center, system 

electronegativity, binding energy, and adsorption energy for O2, O and other species of 

catalysts with stable geometric structures were calculated. A single-atom catalyst database 

was constructed using the Streamlit tool. Based on database analysis, it can be concluded 

that the influence of active center metal types on key properties such as Bader charge, d-

band center, and system electronegativity is much greater than that of coordination atom 

types. For example, the range of electronegativity variation in systems with different 

active center metals is 1.22-12.11, and the range of electronegativity variation in Ti single-

atom catalyst systems with different coordination environments is 1.22-2.44. In addition, 

as the number of metal atoms in the active center increases, its adsorption energy for 



Abstract 

II  

species such as O2 and O gradually decreases, and the influence range of coordination 

atom types on adsorption energy gradually increases. 

Secondly, based on the activity volcano diagram model of previous catalytic oxidation 

of NO and Hg0, all single-atom catalysts in the database were quickly screened, and 4 

potential single-atom Co catalysts with different coordination structures were obtained, 

namely Co1P2C2-pen (C-P coordination), Co1N1C1P2-pen (C-N-P coordination), 

Co1S1N1C2-pen (C-N-S pentacyclic coordination), and Co1S1N1C2-hex (C-N-S 

hexacyclic coordination). The reaction pathway and microkinetics of its catalytic 

oxidation of NO and Hg0 were studied using DFT calculations. The results showed that 

among the 4 catalysts, the single-atom Co catalyst with C-P coordination had the best 

catalytic oxidation activity, with a rate determining reaction energy barrier of 0.98 eV and 

2.14 eV for the catalytic oxidation of NO and Hg0, respectively. Its activity was superior 

to the single-atom Fe catalyst with N coordination reported in current experiments. 

Microkinetic model calculations show that the TOF values of the C-P coordinated single 

atom Co catalyst for catalytic oxidation of NO and Hg0 under simulated coal-fired power 

plant flue gas conditions are 6.70Ĭ106/s and 3.23Ĭ10-18/s, respectively. 

Finally, based on the composition of the catalyst coordination environment, the 

structural features of machine learning were constructed, and machine learning models 

were trained to predict the metal Bader charge, system electronegativity, d-band center, 

and adsorption energy of the catalyst. The models can accurately predict important 

properties such as Bader charge, system electronegativity, and d-band center. Its 

coefficient of determination (R2) on the test set is higher than 0.880, with prediction errors 

(MAE) of 0.071, 0.308, and 0.141, respectively. Meanwhile, the adsorption energies of 

O2 and O, which have a significant impact on the catalytic activity of NO and Hg
0, can 

be theoretical predicted. The R2 values on the test set are 0.845 and 0.745, respectively, 

with prediction errors of 0.326 and 0.535. Based on this, the adsorption energies of O2 

and O atoms of 684 single-atom catalysts outside the database were rapidly predicted, 

and 3 potential catalysts for catalytic oxidation of NO and Hg0 were screened out. DFT 

calculations indicate that the average errors between theoretical and model predicted 

adsorption energies of O2 and O atoms for the 4 catalysts are 0.13 and 0.15 eV, 

respectively. Additionally, Zn1S1N2 (-0.81and -0.39 eV), Zn1B1P1C1 (-0.67 and -0.61 eV) 

and Zn1O2N1 (-0.34 and -0.36 eV) catalysts may be potential high activity catalysts for 

catalytic oxidation of NO and Hg0. 

Keywords: Single-atom catalysts; Database; NO and Hg0 oxidation; Microkinetic model; 
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1.1  

№ ѿҩῖ ľ ȁ ȁ Ŀ ̆

҉ ҽ ᵝ[1]Ȃ ҍ ⱬ ̆

ҙ Ӟ ⱴȂῒҬ ⱬ ȁ ‚ ҙ

Ȃ ̆ ԅѿ ↓ ̂ᶛ ȁ

̃̆ Ҥ ԅֲ ᵣẫ [2]Ȃҹ ̆ ҉

Ạ₮ԅľ30¥60Ŀ ̔ⱬԈ 2030╠ ⌠ ṿ̆Ԉ 2060

╠ Ҭ Ȃᾴ ԋ ľ̔ ȁ Ҭ ѿ ┴

ᴪ Ȃ ̆ ᾢ ̆ ⅞№

ꜚȂ ̆ └ ̆

ľ Ŀ└ ȂĿ ľ Ŀ̆ Ӟ

ľ Ŀ[3]Ȃ ֟ Ҭ ̂NOx̃ȁ

̆ 2011 └ ԅ ῒҤ ‰[4]Ȃ 

ⱬ ȁ ȁ ⱬ ᾥץ

ᴰ ⱬ Ҍ ̆ᵖ׆ 20231-10

ῃ ⱬ ҙ Ҭ ץ ̂ 1-1 ̃̆ ╠ ⱬ ᶭ

Ҭ ñ òȂ Ҭל

ᴪ ̆ Ḡ ⱬȂ 

 

1-1 20231-10ῃ ⱬ ҙ ̂ ̔ ̃ 

NO Ҭ Һ №̆ῒ ԅ95%[5]Ȃֲ ᵣҌ

῀ѿ NO ᴪ ᵣ֟ Ҥ ȂNOҍֲᵣ Ҭ

̆ᴪᶏ ⱬ ᵞ̆ ֲᵣ [6]Ȃ ̆NO ῀ֲᵣ

Ҭ ̆ ֲ Ȃ NO2 ῀ֲᵣ↕ᴪ

ֲᵣ ̆ ȁ [7]ȂNO2 ῀ ᴪҍ
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̂NO2 ԍ ̃ ̆ ȁ Ȃ 

̂Hg0̃ᵬҹ Ҭῖ ӊѿ̆Ҍⱴץ

Ҭ̆ ꜚ ᴪ ȁ Ҭ ̆

ֲᵣ [8]Ȃֲ ᵣ ᶏ Ӟᴪ Ҥ ẫ ̆ɒ ᾙ ᾙ
[7]Ȃ ̆ ᴪ ֲᵣ ȁ ᾧ ̆

ȁ ȁ ȁ ᴪ֟ ◐ᵬ [9]Ȃҕ ҹ̆ ԍ

Ὲ῍ ῏℗ ӊѿȂ 

ȇ῏ԍ ḦῈ Ȉ̂ ȇ ḦῈ Ȉ̃ ∆ ῃҕ ⁞

ֲ ẫ Ȃ Ὲ ѿ ҩ ῤ

ѿ ⁞ ᶏ Ȃȇ ḦῈ Ȉ ԅ ̆

ȁ ȁ ֟ ȁᶏ ҙ ȁ

ץ ҩ ⁞ [10]Ȃ Ὲ

ᶏ̆ ҙ ᴪ ҩ ҙ ⁞ Ȃ ̆

2018ῃ ᵀ ₮̔

ῃ 24%̆ῒҺ ғ № ֒ ̆

ῒ ץ Ȃ 

׆̆ ⁞ NOx̂ NOҹҺ̃ץ

ֲᵣẫ Ḡ ΐ ӈȂ 

1.2 Ὺ  

Ҭ NOx └̆ ╠ ҹ ̆ῒ

ҍ ̆Һ ң [11-14]Ȃ 

῀ ᵣ ╕̆ᶏ Ҭ NOx ᵣ ╕

‪Ȃ ȁ ȁ ȁ

ȁ [15, 16]Ȃ 

≠ ╕ ̆ NOx ҹN2 H2O ̆

NOx Ȃ ΐ ᵞ

̆ Ҭ ⌠ԅ Ȃ ╠

Һ Ỳ ̂NH3-SCR̃ȁ Ỳ

̂SNCR̃ȁ [17-19]ȂNOx ҍᴨ 1-1

Ȃ 
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1-1 NOx ῒ ᴨ  

 /  ᴨ   

 

 

 

 

 

 

NH3-SCR 

SNCR 

 

 

 

 

 

 

 

 

 

 

 

 

NO  

 

NO2/NOᶛ  

 

 

ᵞ 

ѿᵣ  

 

NO Ҍ ῃ 

╕  

Ҍ ԍ  

ҙ ᵞ 

ҙ  

 

 

ᴇ  

ᴪ ⌠҉ ̆ ץ ᾝ ̂Hg0̃

ԍ ҬȂ ῤ ꜚ ̆Hg0

ѿ ↓ ᴇ ̂Hg2+̃ ̂Hgp̃ Ȃ

̆ Ҭ 3 ̔ᾝ ̂Hg0 ȁ̃ ̂Hg2+̃

̂Hgp̃[20]ȂHgp ̆ ץ ȂHg2+

̂WFGD̃ Ȃ ̆Hg2+Ӟ ץ ҹHgp

҉ Ῥ̆ᶏ └ ̂APCDs̃ Ȃ ̂ESP̃

Ӟ ץ Hg2+ Hgp[21]Ȃᵖ ̆Hg0 ԍ NOѿ Ҍ ԍ ̆ғΐ

̆ ᶏ ᴰ Ȃ ҬHg0 ̆

╠Һ Ỳ ң [22-25]ȂHg0 ῒ ᴨ 1-2

Ȃ 

1-2 Hg0 ῒ ᴨ  

 /  ᴨ   

 

Ỳ  

 

 

 

 

╕ ≠  

Ỳ ╕  

Ỳ ╕Ỳ ᵬ Ҋ̆≠ O2ᵬҹ ╕̆ Ҭ

ԍ NO Hg0Ỳ ҹ ԍ NO2 Hg2+̆

̆ ѿ ╠ ̂ 1-2 Ȃ̃ 
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1-2 NO Hg0Ỳ ҹNO2 Hg2+  

1.2.1 Ỹ NO 

ᴰ NH3-SCR Ҭ ᴪ̆ ȁ

ץ [26]Ȃ O2ᵬҹ ╕̆ NOỲ ҹ NO2

ץ ᾥ ᴰ SCR Ȃ ̆

Ҭ̆ ԍ NO ᵞ̆ NO O2ӊ ̕

ⱴ ᵞ̆ ѿ ԅ Ȃ Ỳ ╕

Ỳ ᵬ ץ Ḇ Ȃ ̆ Ỳ ╕ ԍỲ

NO ΐ ӈȂ 

2011̆Qiaoֲ [27] ₮ԅ Pt ̂Pt/FeOx̃ Ỳ

╕̂Single-atom catalysts, SACs̃ ̆ ᶏ Ỳ ╕ ԅCO Ỳ

Ȃױז ̆Pt/FeOx Ỳ CO Ҭ ₮ Ỳ

Ỳ ╕ ȂSACs ҩ ̂ ̃

҉̆ ҩỲ Ҭᵬҹ ᵝ ̆ ᴰ

Ỳ ╕ΐ ≠ [28]Ȃ 

ԍΐ ᴨ [29]Ȃ ץ̆

ᵬҹ SACs⌠ԅ ῏ ȂGaoֲ[30]

₱ ̂DFT̃ ̆ ԅҌ N ᵝ FeỲ ╕

№ Ỳ Ȃ ̆Ҍ SACs

ȁ ҹ ȂTongֲ [31] ̆ ԅFe-N4

Fe-N3C FeỲ ╕̆ Fe-N3C ѿ

̂ORR̃ Ỳ ╕ȂYiֲ[32]N CoỲ

╕҉ TiO2 ԅ Co-NG/TiO2ᾣỲ ╕̆ 3.5 wt% Co-NG/TiO2
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ᾣỲ ╕ ֟ 677.44 ɛmol hī1 gī1Ȃῒ ҹCo N

ӊ ᵬ ̆ ԅ № ̆ ԅ ⱴ ԅ -

Ȃ҉ץ ̆ SACs Ỳ ȁ Ỳ ᾣỲ ҩ

Ỳ ⌠ԅ Ȃ 

SACsỲ NO ȂDongֲ [33] ԅ Ҭ Ҍ N

CoỲ ╕ NO O2 ̆ Co1N3 Ỳ NO

Ỳ ╕ȂEnger B Cֲ[34]└ Pt/Al2O3Ỳ ╕ΐ NO

Ȃ ̆ Ỳ ╕҉ ֟ NO2 Ҭ ₮ ̆ └ԅ

Ỳ ╕ ȂTangֲ [35] ԅ ᵝ FeỲ ╕҉NO

CO Ỳ Ȃ ̆Eley-Rideal̂ER̃ └Ҋ ֟

̂<0.3 eVȂ̃Yangֲ [36]Ỳ NO ᵝ SACs ԅ ̆ҹ

NO ᶫԅ ȂSi ֲ[37] ҉№≢ FeȁCoȁNi

Pt ԅ SACs̆ ԅῒ NO Ỳ Ȃ ̆Co/CNT-

N3ΐ ᵞ ‗ ̂1.65 eṼ TOF̂0.33 s-1̃̆ ῒҬ

SACsȂYangֲ ץ[38] Fe ZIF-8╠ ᵣҹ ̆ └

└ ԅΐ ү ᵝҌ Fe1N4ᵝ FeỲ ╕Ȃ ̆

Fe1N4Ỳ ╕ NO ₮ Ỳ

Ȃ ̆ ╠≠ SACŝ ῒ SACs̃ Ỳ NO

Ȃ 

1.2.2 Ỹ Hg0 

╠ֲ SACsỲ Hg0Ӟ ԅѿ ȂLiuֲ[39]׆

ԅMn/g-C3N4Ỳ Hg0 ̆ №≢ᾥ 2.84

3.13 eV ȂLiֲ[40] └ MnỲ ╕ 0.2 nm̆

200 Ҋΐ Hg0 13 mg/gHg0 ȂDFT

̆ MnỲ ╕ ᵝ ץ ᾝ Hg0 ֪

ⱬȂ ̆ ΐ SO2Ҭ Ȃ

Jiֲ[41] DFT ԅ Ҭῖ № Hg0ȁO2 HgO

PtỲ ╕҉ ҹ̆Pt/3N-GN ҈ № ԍ Pt/SV-

GNȂPt/3N-GN҉Hg0Ỳ ҹ2.016 eV̆ ᵞԍ SCRỲ

╕ȂYangֲ [42] ԅ4 FeỲ ╕ Hg0 Ȃ ̆

ᵝ 4ҩN Fe1N4ΐ Ỳ ῒ̆‗ ҹ2.34 eVȂ ̆

Ji ֲ[43] ԅ PtỲ ╕҉ ̆ ҹ

0.555~3.792 eVȂPt/3N-GN Hg0 ԍ Pt/SV-GN̆ ᵞ
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ῤΐ Ȃ ̆SACs Ỳ Hg0 Ҭ̆ ╠ᶭ

ȁỲ ╕└ Ȃ 

╠ֲ SACsỲ NO Hg0 ץ ̆ SACs Ỳ

NO Hg0 ₮ѿ Ỳ ̆ᵖ ׅ Ỳ ╕ ȁ

Ỳ ╕ ᵞ Ȃ ̆ ᵥ Ỳ ╕ ȁγ

SACs ҹԅ ȂῒҬ SACs ᵝ ̂ ᵝ ̃

ѿ Ỳ ╕ [44]Ȃ 

1.2.3 Ỹ ╛ ᵣ  

SACs ᵝ Һ ңҩ ̔̂ 1̃ SACs Ҭ

̂̕ 2̃ ҍҬ ᵝ ᵝ ̂p

̔BȁNȁOȁP S Ȃ̃ ң ץ SACs ᵝ

⌠ SACsỲ Ȃ 

╠̆ SACs ᵝ Ỳ ╕ Ỳ

ȂTang ֲ[45]└ ԅ O S῍ Mo Ỳ ╕̆

SACs ץ Ḇ ̂ORR̃ ȂLi ֲ[46] ‛ ᵣ

ᵣ Ỳ ╕Ҭ N O ᵝ ᶛ̆ ⱳ ԅ N O῍

ᵝ PtỲ ╕ȂỲ ̆ Ỳ ╕ ̂HER̃

ΐ Ỳ ȂZhang ֲ[47]└ ԅ N S῍ FeỲ ╕̆ Ỳ

╕ Ỳ Ҭ ₮ Ỳ ȂYuan ֲ[48] ԅ N P῍

FeỲ ╕ └ ̆ Ỳ ╕ΐ ORRỲ ȂHou ֲ[49] ԅ N

S῍ ᵝ Ni Ỳ ╕̆ Ỳ ╕ 10 mA/cm2 Ҋ ₮ᴨ

OER ӄ ȂChen ֲ[50] NȁS P ⱳ ῀ԅ FeỲ

╕Ҭ̆ Ỳ ╕Ҋ Tafel ⌠ 51 mV/dec̆ ORR

⌠ ȂTang ֲ[51] CoỲ ╕Ҭ B N ᵝ ̆

Ỳ ╕ NO CO ΐ ᴨ Ỳ ȂLi ֲ[40]

MnỲ ╕Ҭ ῀ N O ᵝ ̆ Mn ᵝ

Ҭ N O ‗ ԅ Hg0 Ȃ 

╠ֲ ̆ SACs ᵝ Ҭ BȁNȁ

OȁP S Ҭ ̆ ץ ⌠ Ỳ ╕

Ȃ ̆ ץ SACs ᵝ ̆ ԍỲ NO Hg0

SACsȂ 
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1.2.4 ꜠ Ỹ ╛  

╠̆ ԍ ̂ ꜚ ҹ̃Ỳ ╕

ᶫԅ Ȃ 

Shun Nishimuraֲ[52]ԍ ӟ ̆

ԅ № La2O3 Ẽ Ỳ ╕ȂMohammad Khatamiradֲ[53]≠

⇔ ԅ ᵝ ԅ Ṝ Ȃ ҍ̆

In2O3ᵣ ̆Ṝ CO2ⱴ └ Ҭ ȂHwanyeol 

Parkֲ[54]≠ Materials ProjectDFT ̆ ԅ

ᴆҊ OERỲ ̆ ₮ԅ ԍ OER

Ỳ ╕ȂLuoֲ[55] ̆ ԅ ̂Cr-PNP̃

Ỳ ╕ XGBoostӟ ̆ῒ ץ Ә ҈/ ̆

ꜚ ҊCr-PNPӘ ҈/ Ỳ ╕ ȂKajjana Boonpalitֲ[56]

ᵣ ̂CGCNÑ DFT 435N׆̆

Ỳ ╕̂DACs̃ Ҭ ₮ԅң HERỲ ╕̂AuCo@N6Gr

NiNi@N6Gr̃ȂWeiֲ[57] DFT ӟ ̆ ԅ ӟ

̆ ץ ԅ17000 DACs HER̂ȹG*H̃

̕ ̆≠ ӟ ԅ DACs CO2 Ҭ

̂ȹG*H̃ DACs ȂZhouֲ [58] ԍ

ӟ ̆ ₮ԅѿ ꜚ ̕

25 168SACs ̆ ⌠ԅPt1C4 Sc1C1N3ң

ԍHER Ỳ ╕Ȃ 

≠̆ ̆

ӟ ꜚ ̆ ╠ Ỳ ╕ ȁ ҍ

⌠ԅѿ Ȃ 

1.3 Ὺ  

ԍ ╠ ῏ԍ Ỳ ╕̂SACs̃ ̆Ҥ

ԅỲ NO Hg0 SACs Ȃ ̆ ѿҩ SACs

̆ ꜚ Ҋ Ỳ NO Hg0

SACsΐ ӈȂ 

ҹԅ SACs Ȃ ᾢ ᵝ

DFT ԅ 1197 Ỳ ╕Ḥ SACs ̕ῒ ̆

Ҭ Ḥ ₮ԅ 4 CoỲ ╕̕ ̆ Ҭ
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Ḥ ԅ ӟ ̕≠ ԅ 684 Ҍ ᵝ

ᵝ SACs O2 O Ҭ׆̆ ₮ԅ 3

ᵝ SACs Ȃ ᵣ 1-3 ̔ 

 

1-3 ᵣ  

ΐᵣ ῤ Ҋ̔ 

̂1̃ Ҍ 3d ̂TiȁVȁCrȁMnȁFeȁCoȁNiȁCu

Zñᵬҹ SACs Ҭ Ҍ ᵝ ̂BȁNȁOȁP S̃

ᵝ ̆ ԅ 1197 SACŝ 9 133

ᵝ Ȃ̃ DFT ̆ ⌠ԅỲ ╕ Bader ȁd

Ҭ ȁr ȁ ץ ̂O2ȁO NÕ ̆ ≠ Streamlit

ΐ ԅῈ SACs Ȃ 

̂2̃ Ҭ O2 O Ḥ ̆ ╠ֲ Ҋ̆

₮ԅ 4 Ỳ NO Hg0 CoỲ ╕Ȃ≠ №



ⱬ ᵝ  

9 

ԅ 4 Ỳ ╕҉ NO Hg0 Ỳ ̆ Co1P2C2-pen̂ C-P ᵝ̃

4 Ỳ ╕Ҭΐ ᵞ ‗ Ȃ ꜚⱬ TOF ѿ

Co1P2C2-penΐ Ỳ Ȃ ̆ ҍ Fe Ỳ ╕

̂Fe1N4̃ № ׆̆ ԅ Co1P2C2-penΐ Ỳ Ȃ

̆ҍ╠ֲ ᵩ Ỳ ╕ ̆ Co1P2C2-pen ₮ Ỳ

ᴨלȂ 

̂3̃ ҬỲ ╕ ᵝ № ̆ ҬỲ ╕

ȁ Ḥ Ȃ ӟ ̆

⌠ԅ ץ Ỳ ╕ ӟ Ȃ ̆

ᵝ ̆ ԅ 684 ᵝ SACs ᶏ̕ ӟ

ԅῒ O2 O ̆ ₮ԅ 3 Ỳ NO Hg0

Ỳ ╕̂Zn1S1N2ȁZn1B1P1C1 ZnO2N1̃Ȃ 
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2  ғῪ  

2.1 ⃰  

₱ ̂Density Functional Theory, DFT̃ ѿ ≠ № ᵬ

ҹ ᵣ Ȃ ₱

̂Schrödinger̃ Ҭ ₱ ̆ᵖ ₱ ҹ ̆ ֲ

ԅѿ Ȃԋ ҕ ԋ Thomas̆ף Fermi ᵣ ₱

ҹᵣ Ҋ ̂ñ̆ ᶏ ᵣ ׆̆ ҈ ₱

ҹ҈ [59]Ȃ ⌠ԋ ҕ Ҭ S̆later ѿ ԅ

֜ ԑᵬ ̆ Thomas Fermi ҉ ל

,ᶏ ⌠ ѿ Ȃᵖ ῒ ԑ῏ ᵬ ̆ ⌠

Hohenberg-Kohn Kohn-Sham ₮ ᶏ ₱ ⌠ԅ ѿ

ҍ [60, 61]Ȃ ╠̆ ₱ ҹ ԑᵬ ᵣ

ⱬ ΐ̆ ₀ ȁ ҩ ⌠

ԅ Ȃ 

2.1.1 Hohenberg-Kohn  

Hohenberg-Kohn [60, 62] ҹ̆ ᵣ Ҭ ץ

ѿ‗ ̆ № ᵣ Ȃ Һ

̆ Ҋңץ ̔ 

̂1̃ ԍ ԑᵬ ץ Ҋל ᴋᵥ ԑᵬ ᵣ ̆ῒ ל

ѿ‗ ̕ 

̂2̃ ԍ ᴆ Ҋ̆ל ҹ ₱ ῃ

ṿȂ 

ԍ Hohenberg-Kohn ̆ᵣ ₱ Ҋ ̔ 

2 ( ) ( ')
( , ) ( ) ( ) [ ( )] ' [ ( )]

2
xc

e ɟr ɟr
E ɟV V r ɟr dr T ɟr drdr E ɟr

r-r'
= + + +ñ ñ     ̂2-1̃ 

ῒҬ̆ №≢ҹ ל Ҭ ל ȁꜚ ȁ ᴶᵬ ֜

῏ ל Ȃ 

ᵖ ̆ ₮ ₱ ȁꜚ ₱ ֜ ῏ ₱ ΐᵣ ̆

ΐᵣ Ȃ 
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2.1.2 Kohn-Sham  

1965 K̆ohn Sham ԅ Kohn-Sham

[61]̆ ₮ԅ ΐᵣ ̆ᶏ ₱ ᵬҬ ⌠ԅѿ

Ȃױז ꜚ ₱ ₮ᶏ ԑ ꜚ ₱ ᵌף

̆ ԋ ῀֜ ῏ ₱ Ҭ[63]Ȃ ӈ ₱ ҹ ” №

 Ὥ(ὶ) ף№ ̆ ӗ Eiף ̕↕ ҹ̔ 

[ ( )] ( ) [ ( )] [ ( )]

[ ( )]( ')
( ) '

' ( )

KS Coul xc

xc

V ɟr V r V ɟr V ɟr

ŭE ɟrɟr
V r dr

r r ŭɟr

= + +

= + +
-ñ

            ̂ 2-2̃ 

҉ץ ҹ Kohn-Sham Ȃ 

Kohn-Sham ֜ ῏ ץ₱ ԅ ҍ ̆

ᵬ Ӟ ҬȂ ᶏ ⌠ ᵞ̆ ҹ ᵥ

֜ ῏ ₱Ȃ ̆֜ ῏ ל ᵌ Ӟᴪ ₱ ֟

Ȃ 

2.2 ᴌ  

ᴆᶏ Ӟ ׆ ̂Vienna ab-initio simulation package, 

VASP̃ ̆ ᴆ ΐ ү ⱳ ̆ ȁᾣ

ȁⱬ ΐ [64-67]Ȃ ׂ ̆VASP ҹ

Ҭ ᴆӊѿȂ DFT Perdew-Burke-

Ernzerhof̂ PBẼ ₱ ת ̂PAW̃ [64]Ȃҹԅ ᵣ№ Ỳ

╕ ӊ ԑᵬ ᶏ̆ DFT-D3 ԑᵬ [68]Ȃ

ҹ 20 Åȁ5¦3Ś3¦1̂12.33¦12.88¦20.00 Å̃

SACs Ҭ Ȃ ԅ ̆ K

̂ 2-1 ̃ᵬҹ K ᶭ Ȃ₃ᵥᴨ K 2¦2¦1̆

K 4¦4¦1̆ ҹ 450 eVȂץ 10-5 eV

ᵬҹף ‰ ץ̆ Ḥ Ȃ ᴨ ̆ ҩ

ⱬ ‰↕ ҹ-0.02 eV/ÅȂ 

ҹԅ ᴆ ̆ ≠

ԅ ╠ Fe1N4Ỳ ╕ O2 ̆ ҍ╠ֲ

Ȃ Fe1N4 O2 ҹ-0.77 eV̆ Gao ֲ[69]

ҹ-0.76 eV̂ ֽҹ 0.01eṼ ̆ Ḡԅ ᴆ

Ȃ 
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2-1 K ҍ ̕a)K ̕b)  

VASPKITᵬҹѿ VASP ᴆ̆ῒ ץ VASP ₮

№ Һ̆ ȁ ȁ Ҋ
[70]ȂVESTA ᴆ̂ Visualization for Electronic and Structural Analysis̃

ץ ᵣ ȁ Ḥ ȁ ȁ ₮ ץ

ᴆ ѿ ↓ⱳ [71]ȂP4vasp ᴆ ץ └ -

ȁ Ҍ Ḥ ץ DOS ⱳ Ȃ 

̆ҹԅ‰ Ỳ NO Hg0 Ҭ

̆ ԅ Ἕ ̂Climbing Image Nudged Elastic Band, CI-

NEB̃ ԋ ᵣ ̂Improved Dimer Method, IDM̃[72, 73]Ȃ ᾢ̆CI-

NEB 0.5 eV/Å ⱬ ‰ ԍ Ȃ ĬDM

-0.05 eV/Å ⱬ ‰ [74]Ȃ ҹ̆ԅḠ

̆ ᵝ ‰ ҹ¤0.02 Å̆ Ḡ

ғֽ ѿҩ ꜚ ҉ Ȃ 

Bader № ԍ Ҭ [75]Ȃ ҩ

ᴇ ṿ ץ DFT ⌠̆ ⁞ ׆ ҩ ᴺלҬ ₮

ᴇ ṿ ׆̆ ⌠ Bader ṿȂ ᵣ ̂pCOHP̃

№ ̂ ̃̆ ≠ LOBSTER ᴆ IpCOHP

[76-78]Ȃ 

2.3 ꜠Ⱶ  

ꜚⱬ № ѿҩỲ № ҹѿ ↓ ᵝ ҉ ᾝ

̆ Ỳ ᾝ [79]Ȃ ꜚⱬ № ץ

ᴆҊỲ ’̆ҹ Ỳ ╕ ᶫѿ

Ȃ ԅ ԍSabatier№ ꜚⱬ ׆̆ ⌠

҉ [80]ȂSabatierẊ ҩ Ḡ ᶃ ̆

ץ Ỳ [81]Ȃ 
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ץ Ỳ ҹᶛ̔ 

2X (g) 2Y(g) 2XY(g)+ ­  

Ẋ Ҋңҩץ ̔ 

2X * 2X*+                        ̂ R1̃  

X* Y XY *+ +                     ̂ R2̃  

̂R1̃ ̂R2̃ ҹ̔ 

2 2

2 2 2

1 1 * 1 * 1 1(1 )X X Xr p k ɗ k ɗ p ɗk ɔ- += + - = -             ̂ 2-3̃ 

2 2 2 * 2 2(1 )Y X XY Y Xr p k ɗ k p ɗ p ɗk ɔ+ - += - = -             ̂ 2-4̃ 

ῒҬ pX2̆ pY pXY № ̆ɗ* ɗX№≢ ᵝ ̂*̃ Ҭ X

̆ɔi ̂Rĩ ṿȂ 

kiҹ̔ 

( )
exp expai ai ai

i i i

B B

ȹG E TȹS
k ɜ ɜ

k T k T

è ø è ø- - -
= =é ù é ù

ê ú ê ú
            ̂ 2-5̃ 

ῒҬɜi ╠ ̆Ẋ ╠ ɜi ̆ɜi=kB/hȂËEaiҹ ל

̆ËSaiҹ ̆kBҹ ῗ ̆Tҹ Ȃ 

ҹ̔ 

1
( )

exp( )

B

i i
i

i

ȹE TSk
K

k k T

+

-

- -
= =                 ̂ 2-6̃ 

ҩ ҹ̔ 

2

2

2

1 XY

eq X B

P
ɔ

K P P
=                       ̂ 2-7̃ 

̆ R1 ѿҩ ҉ ҹ̔ 

21 12 (1 )Xr p k ɔ+= -                     ̂ 2-8̃ 

ԍ ᵝ ̆ ᴪ ̆ɗXҹ 1̆ ̂R2̃

‗ ̂ɔ1=ɔ, ɔ2=1̃̆ ҩ ѿҩ ҉ ҹ̔ 

2 2 (1 )Yr k p ɔ+= -                      ̂ 2-9̃ 

ԍ ҉ ҹ 1̆ ץ ҩ ⌠ R1 R2

└ ̔ 

{ }
2 1 2min 2 (1 ), (1 )X YR p k ɔk p ɔ= - -               ̂ 2-10̃  
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2.4 ӥғ Matminer 

2.4.1 ӥ 

ӟ ѿ ֜ ΐ Һ̆ ԅ ȁ ȁ ȁ

ᵌ Ȃ ╠ ӟ ȁ ⌠ԅ
[82]Ȃ 

Scikit-learn [83] ԍ scikits.learn̆ David Cournapeau Google 

Summer of Code ̆ғ SciPy № ҈ ̆ GitHub҉

⌠ԅ [84]ȂScikit-learn Һ ᶏ Python Ώ ̆ғ ᶏ

numpy ף Ȃ Ҭ ᶏ

̂XGBoost̃ Scikit-Learn Ȃ 

XGBoost ῃ eXtreme Gradient Boostinĝ Ȃ̃

̆ ⱬԍ ׆̆ ⌠ ȁ ᴨ
[85]Ȃ ᴰ ̆XGBoost ԅ ̆ῒ ῒז

ᶏ ⱴ Ȃ XGBoost №

҉ ҉ ѿ ᴨ ᾢ ᵀ [86-88]Ȃ 

2.4.2 Matminer 

MatminerԍPython ᴆ̆ ץ ԍ [89]Ȃῒ ץ

׆ Ҭ ̆ ̂ №ȁ ᵣ ȁ

̃ ҹҍ ῏ ̆ ӟ ̆ № Ȃ 

Matminerᶏ pandas ̆ ץ ₮ ֜ԑ ἝȂMatminerץ

CitrineȁMaterials ProjectMDF ׆ ȁ ȁⱬ

̆Ӟ ᶏץ Ḥ Ȃ ᶏ

Matminer Ҭ Ḥ ̆ Ҭ ץ ҹ ṿ

̆ ץ ѿ ԍ ӟ Ȃ 

2.5  

ᾢ׃ ԅ ₱ Ὲ ̆ HohenbergKohn

Kohn-Sham Ȃῒ ׃̆ ԅ ⌠ ᴆ

ᴆ̆ ᴆҬҺ ԅ ҍ ȂῬ ׃̆ ԅ

ꜚⱬ ῏Һ Ὲ Ȃ ׃̆ ԅ ӟ ȁ

ᵬ ⌠ Scikit-Learn ȁXGBoost ץ Matminer ΐ Ȃ 
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3  Ỹ ╛  

╠ ₮̆ ԍ ╠Ỳ NO Hg0 Ỳ

╕̂ SACs̃ Ỳ ᵞȁ ⱷ̆ל SACs

ΐ ӈȂ ̆ SACs ӎ ᶏ̆ ꜚ Ҋ SACs

῀ԅὅ Ȃ ̆ SACs ԍ SACs ΐ

ӈȂ 

ԍ ᵝ ̂Һ 3d Ỳ ╕Ҭ Bȁ

NȁOȁP S ᵝ ̃ ԅ1197 SACsȂ DFT

ԅỲ ╕ ̂ Baderȁd Ҭ ᵣ ȁ̃

̂O2ȁO NÕ Ḥ Ȃ Ỳ ╕Ḥ ̆Ṣꜛ

Streamlitΐ ԅῈ SACs Ȃ 

3.1 Ỹ ╛  

3.1.1 Ỹ ╛  

ᵬҹѿ ΐ̆ ȁ [29]Ȃ

ץ̆ ᵬҹ SACs Ỳ ⌠ԅ

Ȃ 5¦3Ś3¦1̂ 12.33¦12.88¦20.00 ¡̃ ҉ ԅ

ѿҩ ңҩ №≢ ᵝ ᵝ ̆ ᵝ ѿ

ҩ3d ̂Transition Metal, TM̃̆ ׆ ᵝSACŝTM1C3̃

ᵝSACŝTM1C4̃ Ỳ̆ ╕ №≢ 3-1 3-2 Ȃ׆ Ҭ ץ ̆

ᵝỲ ╕ 3ҩ ᵝ ̆ ᵝỲ ╕ 4ҩ ᵝ

̆ ᵝỲ ╕ ᵝ ԍ ᵝỲ ╕ ⱴ Ȃ 

 

3-1 ᵝ Ỳ ╕̕a) ᵝ ̕b)ᴨ TM1C3 Ḳ ̕c)ʊ  
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3-2 ᵝ Ỳ ╕̕)a ᵝ ̕b)ᴨ TM1C4 Ḳ ̕c)ʊ  

ң׆ Ҭ ץ ̔ ᵝSACsҬ̆ ᴨ

ҹ ̕ ᵝSACsҬ̆ ԍ

Ȃ Һ ҹ ᵝ ҍ ᵝ ̆ ῀ᵝ

ғ̆ ̆ ᵝSACs

̆ ᶏ ̆╠ֲ Ӟ ԅ ᵌ [90]Ȃ 

3.1.2 Ỹ ╛ ᵣ  

SACs ᵝ Һ ңҩ ̔̂ 1 Ỳ̃ ╕Ҭ

̂̕ 2̃ҍ ᵝ Ȃ ≠ 3d TiȁVȁCrȁ

MnȁFeȁCoȁNiȁCu Znᵬҹ SACs Ҭ ̕ ᵝ SACs ᵝ

Һ N ̆ ᵝ SACs ᵝ ↕ BȁNȁ

OȁP S ȂỲ ╕ ᵝ Ҭ ȁ Ҭ 3-

3 a ̆ ᵝҍ ᵝ SACs ᵝ 3-3 bҍ 3-3 c ̔ 

 

3-3 Ỳ ╕ ᵝ ̕a) ᵝ ҍҬ ̕b) ᵝ SACs ᵝ̕c)

ᵝ SACs ᵝ 
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ᵝ SACsҬ̆ ңҩ ̆ ԍ

ᴪ֟ 3 Ҍ ᵝ Ȃ ңҩ ᵝ ῏ ̆

ҹԓ№ץ ȁΈ ץ ᵝ ᵝ ̆№≢ ҹ-penȁ-hex -opp[91]̆

3-3 c Ȃ ᵝỲ ╕Ҭ↕Ҍ ’Ȃ ץ ᵝ CoỲ

╕Ҭ O ᵣ ҹᶛ̆ ԅỲ ╕ ҍ ̆ 3-4 Ȃ

3d SACsҬ ᵝ ̆ ԅ 1197

ᵝ/ ᵝ SACs Ȃ 

 

3-4 ᴨ ᵝ CoỲ ╕ O ᵣ Ḳ  

3.2  

1197 SACs DFT ̆ ԅῒ ̂

Bader ȁd Ҭ ᵣ ȁ̃ ̂O2ȁO NÕ Ḥ

̆ Ḥ ȂҹԅḂԍỲ ╕ ҍ Ṣ̆ꜛḤ ΐ

ѿҩῈ SACs ΐ ӈȂ ̆ ≠ Streamlit ΐ

ԅ SACs Ȃ 

3.2.1 Steamlit  ב

StreamlitԍPython ̆ ԍ ΐ[92]Ȃῒ ᶫԅ

Ḃ ֜ԑ ̆ᶏ ӟ ױ

ץ ȁḂ №֣ ῒֲזȂ 
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Streamlitᵬҹ ԍ Python Web ΐ̆ Web

≢[92]Ȃᶛ ̆ҍᴰ FlaskȁDjangoҌ ̆StreamlitҌ Ώ

ף ̆ᶛ ̂HyperText Markup Language, HTMLȁ̃

̂Cascading Style Sheets, CSS̃ JavaScript̆ Ώ Python̆

ץ ῤ⇔ ΐ ֜ԑ ׆̆ №

Ȃ ̆ ԍStreamlit⌠ Ғҙᶏ ̆ Python

ף ΏӞ ḂȂStreamlitᴨל ԍᶏ

ȁ ף ץ Ⱶ ӊ Ḥ ̆p ⇔

ׅ ץ ȁꜚ Ȃ ╠̆

ᴪ ┘ ̆ ᵬ № ḂȂ S̆treamlitҺ

ץ ҹץҊ₃ ̔ 

̂1̃ API ԅ̕API ᶏ ̆ ץ

ῤ҉ ̕ 

̂2̃ ӟ ╠ ̂HTMLȁCSS JavaScript̃̆ ҉ ̕

Streamlitԍ TornadŏῒҬ ԅ ԑꜚ ᴆ̆ ȁ

̆ ғ ԅ ̕ 

̂3̃ MarkdownHTML S̕treamlit Markdown̕

̆StreamlitӞ HTML ̆ ץ HTMLף ῀ Streamlit

ҬȂ 

3.2.2  

SACs ΐᵣ Ҋ̔ 

̂1̃ Ḥ  

ҬҺ 1197 SACs Ḥ ̔ Bader ̂Mental 

Chargẽȁ d Ҭ ̂d-band center̃ ᵣ X̂electronegativitỹ̕

1197 SACs ̂Ebind̃ ̕ ԍ ׆ 1197 ₮ 657 Ỳ ╕

O2ȁO NO Ḥ Ȃ Ḥ ̆ ҹ excel

ᴆȂ 

̂2̃ Ώ Streamlit Python ף  

Python ף ץ ̆ᶛ ᾝ

ȁ ȁ ᵣ ̆Ӟ ⱴ῀ҩץ ᾝ Ȃ ̆

ҹԅ ‗Ḥ ԍ ṿ Ҭ ̆ ԍ ṿ Ḥ

̂ d Ҭ ̃ ex Ȃ 

̂3̃ Streamlit Cloud 
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Sreamlit Cloudץ Streamlit №֣ҍῈ ᴰ Ȃ

excel ᴆȁPythonף ץ requirement.txtᴆ҉ᴰ Githubד ̂ῒҬ

requirement.txtҹ Streamlit ᴆ Ḥ Ȃ̃Githubד ҍStrea

mlit SACs Ὲ Ғ ̔

https://catalysis-ncepu-hvkydg736ykqeq26d5gxrn.streamlit.app/Ȃ ץ

SACs Ȃ Һ 3-5 ̆ ᶷ

Ҋ ̆ ᴋץ ҩ ̂ ȁ ȁ

̃ Ỳ ╕Ḥ Ӟ̆ ץ ᴋ ᵝ Ỳ ╕ΐ

ᵣḤ Ȃ 

 

3-5 1197 SACsḤ Һ  

3.3 Ỹ ╛ ⅎ  

3.3.1 Bader  

SACs ῀ ̆ ҍỲ ╕ӊ ᴪ ̆

ԍ ҍ ӊ ῤ └ΐ

ӈȂ ᾥ Richard Baderԅѿ № № ҹ [93]Ȃ

ῒ ӈ ԍ ᶏ №◓ȂῒҬ̆

ף ѿҩԋ ῒ̆ ԍ ṿȂ № ᵣ Ҭ̆

ᵝ № ᵝ ȂBaderҌᵖᶏ

№ Ҭ ̆ ғῒ Ӟҹ № ᶫԅ Ȃ

ῒ ҹ Baderrῤ ץ ᵌҹѿҩ Ȃ №

https://catalysis-ncepu-hvkydg736ykqeq26d5gxrn.streamlit.app/
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ԍ ԑᵬ № Ȃ № Ỳ ╕ ≠̆

VASPᴆ ץ ⌠ BaderȂ 

DFT ԅ1197 SACs₃ᵥᴨ ̆

Ῥ ⌠ԅỲ ╕ ȂHenkelman ԅѿ

№ ̆ VASP ⌠ CHGCARᴆ̆׆ Ỳ ╕Ҭ

Bader ’[75, 94, 95]Ȃ 

DFT ̆ SACs Ҭ Ỳ̆ ╕

Ҍ ҉ ԅ № ̆ Ỳ ╕҉ ⌠ԅ ҉Ȃ 3-

6 ԅ Ҭ Ỳ ╕ Bader ’Ȃ

̆Ỳ ╕ ԅ ⱴ ₮

ԅᾢ ⱴ ⁞ CoȁNiץȂῒҬל CuᵬҹҬ SACs

̆ Ỳ ╕ Ҭ 3 ⌠

҉ ╠ֲ̆ Ҍ SACsҬ Ӟ ԅ ᵌ
[96]Ȃ ̆ Ҍ ԍῒ Bader ԍ ᵝ

Ȃ 

 

3-6 SACs Bader  ל

3.3.2 d Ҳ  

Ỳ Ҭ̆ HammerNßrskov1995₮ d

Ҭ Ỳ ӊѿ[97-99]Ȃ ԍSACs

Ҭ ῒ̆ᴇ d Ȃѿ Ҭ̆ ᵣ p ҍ

d ԑᵬ ̆ᶏ d № ѿҩ d-p ̂

̃ d-p ̂ Ȃ̃d ̆ ᴪ ̆
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̂ ᾟ⌠ ̃̆ ᶏ ᾟ⌠ Ȃ

̆ ץ ᵝ ᵥ Ҭ ᵣ Ȃd Ҭ

ᵞ ԅ ץ ᾟ ׆̆ ‗ ԅ

̆ Ỳ ╕ d Ҭ ᴪ Ỳ ╕ ᵣ№ Ȃ ̆d

₮̆ Ỳ ╕ Ỳ Һ ҍ d ῏̆ ғ d Ҭ

̂d-band center, Ůd̃ Ỳ ӊѿȂ ̆ Ỳ ╕Ҭ

d Ҭ ԍ Ỳ ╕ ҍ ΐ ӈȂd Ҭ

Ҋ: 

( )

( )
d

E D E dE
Ů

D E dE
+¤

-¤

Ö
=
ñ

ñ
                     ̂3-1̃  

Ҭ D̔(E)ҹ d № E̕ҹ ԍ ̂eṼȂ 

3-7 ̆ Ҭ SACs ҹ ̆ d Ҭ ҹ

Ȃ ץ SACsҬ ⱴ̆ d Ҭ

0 Ȃ ̆ Ti~Zn ⱴ Ỳ̆

╕ d Ҭ ғ ṿ ̕ Ỳ ╕ d Ҭ

Һ ‗ Ȃ╠ֲ N ᵝ SACs Ҭ̆Ӟ

₮ԅ ѿ [96]Ȃ׆ ̆ ҹ d ̆ ᵝ

Ҍ d ̆ d Ҭ Ȃ 

 

3-7 SACs Ỳ ╕ d Ҭ  ל

3.3.3 ᵩ  

№ ᵣ Ҭ̆ ԑľ Ŀ̆
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Ҭ Ȃҹԅ Ҍ ᾝ ⱬ

̆ ₮ԅľ Ŀ Ȃ ̆ ῒ

ⱬ Ȃ 

SACs̆ ╠ֲ ₮ԅᵣ ̂X̃ [100]Ȃ SACs ᵣ

Һ Ҭ ᵝ ῍ ‗ ̆ῒ

Ὲ Ҋ̔ 

d
C E M

d

X xX +yX X
n

q
= - ³̂ ̃                     ̂ 3-2̃ 

Ҭ̔x ҹҍҬ ᵝ ̕XC ҹ ᵝ

̕y ҹҍҬ ᵝ ̕XEҹ ̕XM

ҹҬ ̕ɗdҹҬ d ̕ndҹҬ

d Ȃ 

ᵝỲ ╕ᵣ ̆ ԍ-penȁ-hex -opp҈ ΐ

ᵝ ̆ ҈ Ỳ ╕ΐ ᵣ Ȃ 3-8 ̆

Ҭ SACs ҹ ̆ Ỳ ╕ᵣ ҹ Ȃ׆

Ҭ ץ ׆̆ Ti~Zn Ҭ ⱴ̆Ỳ ╕ ᵣ Ӟ

ⱴ̆ SACs ᵣ Һ Ҭ Һ ̆ ᵝ

ᵣ ↕ Ȃᶛ ̆Ҭ ׆ Ti⌠ Zn

SACsr 1.22~12.11ῤ ̕ Tiץ ҹҬ ̆Ҍ

ᵝ 133 SACsῒᵣ ↕ 1.22~2.44ῤ Ȃ 

 

3-8 SACs Ỳ ╕ᵣ X  ל

Ҍ Ỳ ╕ Baderȁd Ҭ ᵣ №ל

ץ ̆ SACsҬ SACsᵣ ΐ

̆ Ỳ ╕ Ȃ 
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3.4 Ỹ ╛ ⅎ  

Ỳ ╕ Ḡ ῒ ץ ԍỲ ӊѿȂỲ ╕

ԍ ᵀỲ ╕ ӈȂ Ỳ Ҭ

Ḡ ̆ῒ ΐ ӈȂ 

SACsҬ̆ ҩ № ῀ ҬȂ ҩ

≢ ᴪ ̆ ₮ ̆

SACs Ȃ ̆ ᶏ ̂Ebind̃ Ỳ ╕ ̆ῒ

Ὲ Ҋ̕ 

bind SACs sub ME E E E= - -                      ̂ 3-3̃ 

Ҭ̔ESACsҹ SACs ᵣ ̕Esubҹ ̕EMҹ

Ҭ ̂eV Ȃ̃ 

ԅ ⱬ ̆ῒṿ

ⱬ Ỳ̆ ╕ Ȃ ̆

̆ ᶏ ῤ ѿ
[101]Ȃ ҉ ԍ ῤ ̂ ̃↕

ץ ⱴ ҉̆ Ỳ ╕ ΐ

Ȃ 

1197 Ỳ ╕ ̆ ԅ 657 Ỳ ╕

Ȃ ץ ᵝ Ỳ ╕ҹᶛ̆ 3-9Ҭ ԅҌ ᵝҊ

CoỲ ╕ ’Ȃ 

 

3-9 ᵝ CoỲ ╕ ᵝ № ’̆ Ҭ Co

ῤ ṿ-5.27 eV̆ Ҋҹץ CoỲ ╕ 

3-9 ץ ̆O ᵝ Ỳ ╕ ѿ № ₮ԅ ᵞ
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̆ ῒᵩ 8 ᵬҹỲ ╕Ҭ Ӟ ԅ ᵌ Ȃ Ŏ

ᵝ Ҭ Ҍ≠ԍỲ ╕Ḡ ̆ ҍ╠ֲ Ӟ

ѿ [102]Ȃ ̆N ᵬҹỲ ╕ ᵝ ̆Ỳ ╕ ₮ԅ

̕ N̆ ԍῒז ≠ԍ Ỳ ╕

Ȃ 

̆ ҬץҬ ᵬҹ Ỳ̆ ╕

ᵬҹ ̆ 3-10 Ȃ ץ ץ ZnᵬҹҬ SACsῒ

̂1.91~-5.06 eṼ̆ Zn ҹҬ SACs̆ ῒ ᵝ

Ȃ 

 

3-10 Ҍ SACsҍ Ebind  ל

3.5 Ỹ ╛ ⅎ  

Ỳ ץ ≠ ̆ ҍỲ

NO Hg0 ԍ SACs ҍ ΐ ӈ
[30]Ȃ ԅ ԍ ⌠ 657 Ỳ ╕҉O2ȁO NO

Ȃ Ὲ Ҋ̔ 

ads sys SACs gasE E E E= - -                      ̂3-4̃  

Ҭ̔EsysҹỲ ╕ ᵣ ҩᵣ ̕ESACsҹSACs ̕Egasҹ

ᵣ№ ̂eṼȂ 

̆ O Ŏ O2№ ѿ ̕

̆ O ̆ Ӟ ҹ ṿȂ Ὲ Ҋ̔ 

2 /2( )ads SACs O SACs OE O E E E+= + +                ̂3-5̃  
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3.5.1 O2  

Ỳ NO Hg0 Ҭ̆ ≠ץ Ҭ O2ᵬҹ ╕̆O2

ѿ Ȃ╠ֲ O2 ץ SACs

[103, 104]Ȃ ̆ O2 Ỳ ╕ ̆ ԍ Ỳ ╕

ץ ΐ ᵬ Ȃ ԍ O2 ̆ ԍ O2 ҍ

’ Ҍ ̆ ᴪ֟ ᶷ ң Ҍ ῒ̆ №≢

ҹ Eads(O2side) Eads(O2end)Ȃ ץ O2 Fe1N3O1Ỳ ╕҉ ң

’̆ 3-11 Ȃ 

 

3-11 Fe1N3O1Ỳ ╕҉ O2 ᶷ ҍ  

DFT F̆e1N3O1Ỳ ╕҉ O2ᶷ ҹ-1.21 eV̆

ҹ-1.10 eV̆ Ỳ ╕҉ O2 ẁ ԍץᶷ

Ҭ ҉Ȃ ̆ Ҭ SACsᶷ O2

ԍ O2 ̆ ҍ╠ֲ Ҍ N ᵝҊ FeỲ

╕ O2 ѿ [69]Ȃ ̆ Ỳ ╕҉ O2№ ῒ O-

O ԍ O2№ O-O ̂1.21 Å̃ ԅѿ ⱴ̆

O2№ Ỳ ╕ ԅ ȂO2№ ҹ Ỳ

ԅ Ȃ 

3-12 ԅ Ҭץ ᵬҹ ̆ʊ O2

ṿҹ Ȃ ץ ̆ Ỳ ╕Ҭ

ⱴ Ỳ̆ ╕ O2 Ӟ ⁞ Ȃ O2 Ỳ ╕ Һ

‗ ̕ ̆ ⱴ Ỳ̆ ╕

ᵝ O2 Ȃ 
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3-12 Ҍ SACsҍᶷ O2  ל

3-13 ԅ Ҭץ ᵬҹ ̆ O2

ṿҹ Ȃ ̆ №Ỳ ╕ Ҭ

ⱴ̆ῒ O2 ⁞ ̆ῒ ҍᶷ

ѿ Ȃ 

 

3-13 Ҍ SACsҍ O2  ל

3.5.2 O  

O ᵬҹỲ NO Hg0 Ҭ Ҭ ᵣ ╠ֲ̆ Ŏ

ԍ Ỳ ΐ ᵬ [104]Ȃ ̆O Ӟ

ȁ Ỳ ῏ Ҭ ᵣȂ ̆ O

ԍ SACs Ҭ Ỳ ╕ ΐ ӈȂ 

3-14 ̆ ҬץỲ ╕Ҭ ᵬҹ ̆O

ᵬҹ Ȃ ץ ̆ ⱴ Ỳ̆ ╕ O
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⁞ ̆ῒ ҍO2ל ᵌ̕ғNiȁCu ZnҹҬ

SACs̆ῒO ᵝ Ȃɒ Tiץ̆

ҹҬ Ҍ ᵝ SACsῒO -1.63~-4.63 eVῤ

Ȃ ץ Cu ҹҬ Ҍ ᵝ SACsῒ O

1.97~-3.67 eVῤ ̆ῒO ⌠Ҍ ᵝ Ȃ

ҹץNiȁCu Znҹף SACsῒҬ O ̆

׆ € ₮ԅ ᵝ Ȃ 

 

3-14 Ҍ SACsҍO  ל

3.5.3 NO  

NO ӊѿȂ NO ѿ ץ

NO Ỳ ╕ ̕ ѿ ̆ῒ NO Ỳ ȁNH3-

SCR Ỳ Ӟΐ [105]Ȃ ̆ NO Ỳ

ΐ ᵬ Ȃ 

3-15 ̆ Ҭץ ᵬҹ ̆NO

ṿᵬҹ Ȃ ץ TiȁVȁCrȁMnȁFe CoᵬҹҬ

SACs NOΐ ̆ Ҍ ̕ NiȁCu ZnᵬҹҬ

SACs NO Ȃῒ ҍל O ל

ѿ ץ̆ NiȁCu ZnҹҬ SACsῒ NO Ҍ

ᵝ ̆ῒ NO Ȃ 
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3-15 Ҍ SACsҍNO ṿӊ ῏  

Ҍ Ҭ SACsῒ O2ȁO NO ל

№ ץ S̆ACsҬ ҉ Ỳ ╕

Ȃ ̆ ⱴ̂CoȁNiȁCu Zñ̆ ᵝ

Ȃ 

3.6  

ԍ Ỳ ╕̂SACs̃ ̆ ᵝ ̂Ҭ

ᵝ ̃ ԅ 1197 SACs Ȃ DFT

̆ ⌠ԅ 1197 SACs ₃ᵥᴨ ̆ ԅỲ ╕ Ȃ

׆̆ 1197 Ỳ ╕Ҭ ⌠ԅ 657 Ȃ ԅ 657

Ỳ ╕ O2ȁO NO Ȃ SACsḤ ̆ ԅ 1197

SACs Ὲ ԅ№ Ȃ Һ Ҋ̔ 

̂1̃ SACsῈ ̆ Ҋ

̔https://catalysis-ncepu-hvkydg736ykqeq26d5gxrn.streamlit.app/Ȃ  

̂2̃ ҬỲ ╕ №ל ̔ Ỳ ╕ ᵝ ̆

ῒ Ҭ Ỳ ╕ ̆ ᵝ ↕

ȂץỲ ╕ᵣ ҹᶛ Ҭ̆ Ti~Zn׆ SACs

ᵣ 1.22~12.11ῤ ̕ ץ Ti ҹҬ ̆133 Ҍ

ᵝ SACsῒᵣ ֽ 1.22~2.44ῤ Ȃ 

̂3̃ ҬỲ ╕ №ל ̔ SACsҬ

ⱴ̆ῒ O2ȁO NO ⁞ ̆ғҌ ᵝ

̂NiȁCu Zn ҹ Ȃ̃ץO ҹ

ᶛ̆ץTi ҹҬ Ҍ SACsῒO -1.63~-4.63 eVῤ ̕ ץ

Cu ҹҬ Ҍ SACsῒO 1.97~-3.67 eVῤ ̆ῒO

https://catalysis-ncepu-hvkydg736ykqeq26d5gxrn.streamlit.app/
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⌠Ҍ ᵝ Ȃ 
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4  ԓ Ỹ ╛  

3 Ỳ ╕̂SACs̃ Ὲ ̆ҹ ꜚ Ỳ

NO Hg0 SACs ᶫԅ Ȃ╠ֲ Ŏ2

O SACsỲ NO Hg0 ΐ ᵬ ̆

ץ Ҭ SACs O2 O ׆̆

SACsȂ 

ԍ Ҭ SACs O2 O ̆ ᵝ Co

Ỳ ╕Ҭ ԅ4 Ỳ ╕ ̂Co1P2C2-penȁCo1N1C1P2-penȁCo1S1N1C2-

penCo1S1N1C2-hex̃Ȃ DFT №̆ ԅ4 Ỳ ╕Ỳ NO Hg0

‗ ȂṢꜛ ꜚⱬ ̆№ ԅ 4 Ỳ ╕

ⱬҊ Ȃ ̆ № ԅỲ ╕ Ȃ

̆ № ̆ ₮ CoỲ ╕ ╠ Ỳ

╕ΐ ᴨלȂ 

4.1 Ỹ ╛  

Yang ֲ[103, 104] ̆ SACs O2 O №

≢ ⌠-0.41 -0.47 eV ̆SACs NO Hg0 ₮ ᵞ Ỳ ̆

O2 O SACsỲ ΐ Ȃ ԍ╠ֲ ̆

657 SACsҬ̆ ᵝ CoỲ ╕Ҭ 4

Ỳ ╕̆ Co1P2C2-pen̂C-P ᵝ ȁ̃Co1N1C1P2-pen̂C-N-P ᵝ ȁ̃

Co1S1N1C2-pen̂C-N-Sԓ ᵝ̃ Co1S1N1C2-hex̂C-N-SΈ ᵝ Ȃ̃ῒ

4-1 Ȃ 

 

4-1 CoỲ ╕ ᵝ  

4 CoỲ ╕ ȁ Ḥ 4-1 Ȃ׆ Ҭ

ץ 4̆ Ỳ ╕Ҭ O2ᶷ ԍῒ ̆ O2

ẁ ԍץᶷ Ỳ ╕҉Ȃ ̆ NO Hg0 Ỳ
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Ҭ̆ץ O2ᶷ ҹ Ȃ ̆ ץ 4 Ỳ ╕

O2 O Ỳ ╕ ᶃ ṿ̂-0.41 -0.47 

eV Ȃ̃ ҬῒᵩỲ ╕ O2 O Ẓ ̆ ҌῬ Ȃ 

4-1 CoỲ ╕ ҍ O2 O ̂eṼ 

SACs ËqCo (e) d Ҭ   Eads(O2side) Eads(O2end) Eads(O) 

Co1P2C2-pen 

Co1N1C1P2-pen 

Co1S1N1C2-pen 

Co1S1N1C2-hex 

-0.36 

-0.36 

-0.65 

-0.60 

-1.36 

-1.12 

-0.62 

-0.53 

5.30 

5.64 

6.17 

6.17 

-0.55 

-0.65 

-0.63 

-0.65 

-0.44 

-0.61 

-0.62 

-0.47 

-0.60 

-0.47 

-0.45 

-0.41 

4.2 NO Ỹ  

Ỳ ̂Eb̃ ץ Ỳ ̆

ҊῈ ̔ 

b TS ISE E E= -                         ̂ 4-1̃ 

Ҭ̔EIS ∆ ̕ETS ̂eV Ȃ̃ 

ԍ Ỳ ҉ Ỳ ̆

ᵣ№ ̆ῒ Ὲ Ҋ̔ 

0
( , ) ( , ) lnele B

P
G T P E ZPE ȹH TS T P K T

P
= + + - +           ̂4-2̃ 

Ҭ T̔ҹ P̆ҹ ⱬ Ĕeleҹ 0 K Ҋᵣ Z̆PE

ҹ ȹ̆Hҹ׆ 0 K ⌠ ṿ T̆S(T, P)ҹᵣ K̆B

ῗ ̆ῒṿҹ 8.6173303¦10-5 eV/K̆P0ҹ ‰ Ȃ 

4.2.1 NO Ỹ  

╠ֲ ̆≠ O2 NO ץ Eley-Rideal̂ ER̃ └

ҹҺ [37]Ȃ ᵣ Ὲ Ҋ ̔ 

2 22NO O 2NO+ ­  

Ỳ Ҋ̔ 

̂1̃O2№ ᾢ Ỳ ╕ ᵝ ̂Ҭ ̃҉̕ 

̂2̃NOҍ O2№ Ҭ ѿҩO ̆ ѿҩNO2̕  

̂3̃Ỳ ╕ ▼ᵩ ѿҩ O ҍ ԋҩ NO ԋҩ NO2Ȃ 

4 Ỳ ╕Ỳ NO 4-2⌠4-5 Ȃ 



ⱬ ᵝ  

32 

 

4-2 Co1P2C2-pen҉ Ỳ  

 

4-3 Co1N1C1P2-pen҉NO Ỳ  

 

4-4 Co1S1N1C2-pen҉NO Ỳ  

 

4-5 Co1S1N1C2-hex҉NO Ỳ  

4 Ỳ ╕҉NO Ỳ ER └Ȃ ᾢ̆O2№ ᶷץ
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Co ҉̕ῒ ̆ ѿҩNO№ O2№ Ҭ ѿҩO

ѿҩNO2№ ̕ ̆ ԋҩNO№ Co ҉▼ᵩ O

ԋҩ NO2№ ̕ ̆ ԋҩ NO2№ ׆ Co ҉ ̆ Ỳ

Ȃ 

4.2.2 NO Ỹ ⅎ  

ҹԅ 4 Ỳ ╕҉ NO ̆ № ԅỲ Ҭ

̆ 4-6 Ȃ ҩ Ҭ̆ ѿҩ Ỳ Ҭ

ҹ‗ ̂Rate-determining step, RDS̃Ȃ‗

ԅỲ ̆‗ Ȃ 

 

4-6 CoỲ ╕ NO ҹNO2 ̕a)-d)№≢ҹCo1P2C2-penȁ

Co1N1C1P2-penȁCo1S1N1C2-penCo1S1N1C2-hex  

ץ Ỳ̆ NO Ҭ ңҩ ̂ңҩNO2

№ ̃ ѿҩ ̂ ԋҩNO2№ Ȃ̃4 Ỳ ╕҉

ѿҩNO2№ TS1№≢ҹ0.08ȁ0.23ȁ0.37 0.33 eV̕ ԋҩNO2

№ TS2№≢ҹ0.27ȁ0.25ȁ0.170.14 eV̕ ԋҩNO2№ №

≢ҹ0.98ȁ1.23ȁ1.361.24 eVȂ 4 Ỳ ╕ NO ҩỲ Ҭ̆

ԋҩ NO2№ ΐ ̆ ҩỲ ‗ Ȃ

Co1P2C2-penỲ ╕ 4 Ỳ ╕Ҭΐ ᵞ ‗ ̂0.98 eVȂ̃

ԍỲ NŎ Co1P2C2-pen 4 Ỳ ╕Ҭΐ ᴨלȂ 
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4.3 Hg0 Ỹ  

4.3.1 Hg0 Ỹ  

Hg0 Ҭ ῒ̆ ֟ ̂HgÕ ̂(HgO)2̃Ȃ

(HgO)2 №ҹңҩ ̔(HgO)2-chain(HgO)2-ringȂ╠ֲ 3

֟ Ҭ̆(HgO)2-chain₮ ⱬ [42]Ȃ ̆Hg0

Ҭ̆ (HgO)2-chainҹ ֟ ̆ῒ ҹ̔ 
0

2 22Hg O (HgO)+ ­
 

Ỳ Ҋ̔ 

̂1̃O2№ ᾢ Ỳ ╕ ᵝ ̂Ҭ ̃҉̕ 

̂2̃ ѿҩ Hg ҍ O2№ Ҭ ѿҩ O ̆ O-Hg-O̕  

̂3̃ ԋҩ Hg Ỳ ╕ O-Hg-O O (HgO)2Ȃ 

4 Ỳ ╕҉Hg0 Ỳ 4-7⌠4-10 Ȃ 

 

4-7 Co1P2C2-pen҉Hg0 Ỳ  

 

4-8 Co1N1C1P2-pen҉Hg0 Ỳ  

 

4-9 Co1S1N1C2-pen҉Hg0 Ỳ  
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4-10 Co1S1N1C2-hex҉Hg0 Ỳ  

4 Ỳ ╕҉Hg0 Ỳ ER └Ȃ ᾢ̆O2№ ᶷץ

Co ҉̕ῒ ̆ ѿҩHg O2№ O-O

O-Hg-O ̕ ̆ ԋҩHg O-Hg-O O (HgO)2-chain

̕ ̆(HgO)2-chain׆Co ҉ ̆ Ỳ Ȃ 

4.3.2 Hg0Ỹ ⅎ  

ҹԅ 4 Ỳ ╕҉ Hg0 ̆ № ԅῒ Ỳ

Ҭ ̆ 4-11 Ȃ 

 

4-11 CoỲ ╕ Hg0 ҹ(HgO)2-chain ̕a)-d)№≢ҹCo1P2C2-

penȁCo1N1C1P2-penȁCo1S1N1C2-penCo1S1N1C2-hex  

№ ץ ̆ Ỳ Hg0 Ҭ ѿҩ ̂

O-Hg-O ̃ ѿҩ ̂(HgO)2-chain Ȃ̃4 Ỳ ╕҉

O-Hg-O TS3№≢ҹ2.01ȁ2.32ȁ2.192.14 eV̕ ֟ (HgO)2-

chain №≢ҹ2.14ȁ2.05ȁ2.252.22 eVȂ ץ ̆Co1N1C1P2-pen

Ỳ ╕҉ O-Hg-O TSҹ ‗ ̆ ῒᵩ҈ Ỳ ╕҉

(HgO)2-chain ҹ ‗ Ȃ 4 Ỳ ╕Ҭ C̆o1P2C2-penỲ
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Hg0 Ҭΐ ᵞ ‗ ̂2.14 eṼ̆ Co1P2C2-pen4

Ỳ ╕Ҭ Hg0ΐ Ỳ Ȃ 

҉ ̆Co1P2C2-penỲ ╕ Ỳ NO Hg0 Ҭ̆ 4 Ỳ

╕Ҭ̂Co1P2C2-penȁCo1N1C1P2-penȁCo1S1N1C2-penCo1S1N1C2-hex̃

SACsȂ 

4.4 ꜠Ⱶ ⅎ  

╠ ≠ ⌠ԅ 4 CoỲ ╕Ỳ NO Hg0

Ȃ ֽ̆ Ỳ ╕ Ỳ Ҍ ῃ Ȃ

ҹỲ NO Hg0 ѿҩ ⱬ ꜚⱬ ̆ ץ

ᴆҊ ̂T̃ ⱬ̂ P̃ ׆̆ ѿ

Ỳ ҬỲ ╕ Ȃ 

Sabatier [81]ᵬҹ Ỳ Ҭ ѿҩ ̆ ҹ Ỳ ╕

ᶫԅᶭ Ȃ ꜚⱬ Ҭ Sabatier№ ץ ⌠ ҩỲ

҉ Ȃ Sabatier№ ⌠ ץ Ỳ ╕

Ỳ Ȃ 

4.4.1 Ỹ NO ꜠Ⱶ ⅎ  

╠ ҍ№ ̆NO SACs Ỳ Ҋץҹ№ץ ҩ

̔ 

2 2O * O *+                           ̂R1̃ 

2 2NO O * NO O*+ +                       ̂R2̃  

2O* NO NO *+                         ̂R3̃ 

2 2NO * NO *+                          ̂R4̃ 

ҩ Ҭ̆Ẋ R1 ԍ Ȃ↕

ҊῈץ ̔ 

( )
exp expai ai ai

i i i

B B

ȹG E TȹS
k ɜ ɜ

k T k T

è ø è ø- - -
= =é ù é ù

ê ú ê ú
              ̂ 4-3̃ 

ῒҬ̆ɜiҹ╠ Ĕaiҹ ̆ȹSai ∆ ӊ k̆Bҹ ῗ

8.6173303×10-5 eV/K̆Tҹ Ȃɜi ץ KT/hᵀ ⌠̆ῒ hҹ ᾥ

6.582119514×10-16 eV·sȂ 

R1 ԍ ̆↕ ץ ⌠̔ 
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2

1 2

1

1 ( )
Oɗ

K p O
=
+

                       ̂4-4̃ 

ῒҬ K1ҹ R1 ̆p(O2)ҹ O2 № ȂK1 Ὲ ҹ̔ 

1
1 exp

G
K

KT

-è ø
= é ù

ê ú
                        ̂ 4-5̃ 

ῒҬ-G1ҹ R1 Ȃ ̂r s̃ Sabatier ̂r i
Smax=ɗikĩ R2-R4ӊ

O ₱ ̔ 

max max max

2 3 4, ,
S S S

sr Min r r rè ø= ê ú                    ̂ 4-6̃ 

ԍ ꜚⱬ ̆ ԅ 4 Ỳ ╕Ỳ NO Ҭ ⱬ

ҍ ӊ ꜚⱬ ̆ 4-12 Ȃ 

 

4-12 Ỳ ╕҉NO Ҭ ᵣ ⱬ ₱ ꜚⱬ ̕a)-d)№≢

Co1P2C2-penȁCo1N1C1P2-penȁCo1S1N1C2-penCo1S1N1C2-hex ꜚⱬ  

Ҭ Ỳ ╕ ⱬ Ҋΐ ᵣ

Ȃ ⱬҹ1 bar ̆ ҹ400 K ̆

῏ 4 Ỳ ╕ ⱬ Ỳ Ȃ 

׆ 4-12Ҭ ץ ̆ 400 K ῤ̆ ⱬ

̆ Ҭ ̂ Ỳ ╕ Ȃ̃ 4 Ỳ ╕̆Co1P2C2-pen

ΐ ̂ Ȃ̃ Co1P2C2-penNO 4 Ỳ ╕Ҭ

ΐ Ỳ Ȃ 
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4.4.2 Hg0Ỹ ꜠Ⱶ ⅎ  

Hg0 SACs Ỳ Ҋץҹ№ץ ҩ ̔ 

2 2O * O *+                         ̂R5̃  

0

2O * Hg OHgO*+                    ̂R6̃  

0

2OHgO* Hg (HgO) *+                  ̂R7̃  

2 2(HgO) * (HgO) *+                   ̂R8̃  

ῒ ꜚⱬ № ҍ 4.4.1 ѿ Ȃ ԅ 4 Ỳ ╕Ỳ

Hg0 Ҭ ⱬ ҍ ӊ ꜚⱬ ̆ 4-13

Ȃ 

 

4-13 Ỳ ╕҉Hg0 Ҭ ᵣ ⱬ ₱ ꜚⱬ ̕a)-d)№

≢Co1P2C2-penȁCo1N1C1P2-penȁCo1S1N1C2-penCo1S1N1C2-hex ꜚⱬ  

׆ 4-13Ҭ ץ ̆ҍ NO ꜚⱬ Ҍ ̆Ỳ ╕ Hg0

Ỳ Һ ⌠ ̆ғỲ ╕

̆ ⱬ Ỳ ╕ Ȃ 

4.4.3 TOFⅎ  

ҹԅ ⱴ 4 Ỳ ╕ Ỳ ̆ ԅ 4 Ỳ ╕

̂Turnover Srequency, TOF̃ȂTOF ץ ₮Ỳ ╕ ѿ

ⱬ ᴆҊ Ỳ ῒ̆ ץ Ỳ ̆ Ỳ ╕ Ȃ≠
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̂Energetic Span Model, ESM̃ DTF ̆ ץ

Ỳ TOF[106]ȂShaikKozuch[106]ҹỲ ꜚⱬ Ҍ

ѿ ȂESM ꜚⱬ ᶭ ԍ Ҭ Ҭ

Ȃῒ ԅ TOF ң ̆ TOF‗ ̂Turnover 

frequency Determining Transition State, TDTS̃ TOF‗ Ҭ ̂Turnover 

frequency Determining Intermediate, TDĨȂ≠ DFT ⌠ ̆ ץ

ESM TOF̆׆ DFT Ҭ ҹỲ

Ȃ ץ ҊῈץ TOF[106]̔ 

, 1

exp( / ) 1

exp( )

B r

N

i j i j i, j

k T ȹG RT
TOF

h
T I ŭG' / RT=

- -
=

- -ä
            ̂ 4-7̃ 

ҬkBҹ ῗ T̆ҹ h̆ҹ ᾥ Ë̆Grҹ ҩỲ

̆Rҹ ᵣ ̆Ti Ij№≢ҹ i jҬ ᵣ

ȂŭǴ i,j ҊῈ ̔ 

,'
0

r i j

i j

i j

ȹG T I
ŭG

T I

ëî
=ì
îí

̂ ӊ ̃

̂ ӊ╠̃
                  ̂ 4-8̃ 

ҹԅ ῤỲ ’̆ 400 K 1 

bar ⱬ̂ῒҬ O2 № ҹ 0.05 bar[107]̃ ᴆҊ ԅ 4 Ỳ ╕Ỳ NO

Hg0 TOFṿ̆ 4-2 Ȃ 

4-2 Ỳ ╕Ỳ NO Hg0 ‗ TOF 

SACs 

‗ ̂eṼ  TOF/s 

NO Hg0 NO Hg0 

Co1P2C2-pen 

Co1N1C1P2-pen 

Co1S1N1C2-pen 

Co1S1N1C2-hex 

0.98 

1.23 

1.36 

1.24 

2.14 

2.25 

2.32 

2.22 

6.70³106 

1.57³106 

1.51³104 

8.63³104 

3.23³10-18 

3.17³10-19 

4.09³10-21 

1.35³10-18 

4-2 ץ ̆Co1P2C2-penỲ ╕ 4 Ỳ ╕Ҭΐ ᵞ ‗

TOFȂ 4 Ỳ ╕ Ỳ № ҍ ꜚⱬ №

ѿ ̆ ѿ ԅ Co1P2C2-penNO Hg0ΐ Ỳ ᴨ

 Ȃל
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4.5 Ỹ ╛ ᴮׂשⅎ  

4ҩ N ᵝ FeỲ ╕̂ Fe1N4̃ ╠ ҩỲ

₮ԅ ҹ Ỳ ̆ Co1P2C2-penҍFe1N4Ỳ ╕ NO Hg0

Ỳ ԅ № Ȃ 

4.5.1 Fe1N4  

NO Hg0 Fe1N4Ỳ ╕҉ Ỳ 4-14 ̆ῒᶭ ER

└Ȃ 

 

4-14 Fe1N4҉ NO Hg0Ỳ ̕a)-b)№≢ҹ NO Hg0  

 

4-15 Fe1N4҉ NO Hg0Ỳ ̕a)-b)№≢ҹ NO Hg0

 

NO Hg0 Fe1N4Ỳ ╕҉ Ỳ 4-15 ̆Fe1N4Ỳ

NO Hg0 ‗ №≢ҹ 1.31 2.56 eV̆ ҍ╠ֲ Fe1N4Ỳ

NO Hg0 ‗ 1.33 2.40 eV ѿ [103, 104]̆ ԅ
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ᵬ ҍ ȂFe1N4Ỳ NO Hg0 ‗ ԍ

Co1P2C2-pen0.982.14 eV̆ Co1P2C2-pen ╠ Fe1N4Ỳ

╕ᶭ ΐ ᴨלȂ 

4.5.2 Fe1N4ғ Co1P2C2-pen ⅎ  

Fe1N4ҍCo1P2C2-penң Ỳ ╕ № ץ ̆ῒỲ

NO Hg0 ‗ №≢ҹ ԋҩ NO2№ (HgO)2-chain

Ȃ ̆ № ң Ỳ ╕ ңҩ Ҭ ֟ Ȃ 

ᵣ ̂pCOHP̃ № ץ ᵣ

Ȃ ӊ № pCOHP̂ IpCOHP̃ Ҋץ ᾟ

№ ⌠ Ȃ 4-16 ̆ Ҋץ ֟ ̆

Ҋץ ֟ ̕ ҉ץ ף↕ ̆ Ҍ ҍ

pCOHP № ȂIpCOHP ⌠ №ṿ ץ ֟ ҍỲ ╕ӊ

Ȃ 

 

4-16 Co1P2C2-penҍFe1N4 ֟ pCOHP№ ̕a)-b) Co1P2C2-penҍFe1N4 NO2

pCOHP№ ̕c)-d) Co1P2C2-penҍFe1N4 (HgO)2-chainpCOHP№  

Fe1N4ҍ Co1P2C2-penң Ỳ ╕ NO2 (HgO)2-chainң ֟
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pCOHP IpCOHP ṿ 4-16 Ȃ׆ Ҭ ץ ̆Fe1N4 ң

֟ IpCOHPṿ̂-3.00 -3.76 eṼ ԍ Co1P2C2-pen ң IpCOHPṿ

̂-2.25 -3.08 eV Ȃ̃ ҍ Co1P2C2-pen ̆Fe1N4 ң ֟ ΐ

ᵬ ̆ Fe1N4҉ң ֟ ⱴ ̆ ֟ ԅ ̆

└ ԅỲ ╕ Ȃ ң̆ Ỳ ╕ ԍ ֟

Ҍ Ȃ 

̆ң Ỳ ╕ ֟ Bader № 4-3 Ȃ׆ Ҭ ץ

̆ҍ Fe1N4 ̆Co1P2C2-penҍң ֟ ΐ ̂0.06 

ẽ ̆ ῒҍ ֟ ԑᵬ ̂ ̃̆ ҍ pCOHP №

Ӟ ѿ ȂBader № ѿ ׆ ԅң Ỳ ╕

Ȃ 

4-3ң Ỳ ╕ҍң ֟ ӊ ̂ẽ  

Ỳ ╕ ȹq (Metal atom) ȹq (NO2) ȹq ((HgO)2-chain) 

Co1P2C2-pen 

Fe1N4 

-0.48/-0.63 

-1.09/-1.29 

+0.41 

+0.47 

+0.43 

+0.49 

4.5.3 Ỹ ╛  

ҹԅ ѿ Co1P2C2-penỲ ᴨ̆ל Co1P2C2-penỲ ╕ҍ

╠ ԍỲ NO Hg0 Ỳ ╕‗ ԅ ̆

4-4 Ȃ Co1P2C2-penҍ ╠ Ỳ ╕ ̆ΐ ᵞ

‗ ᴨ̕לῒᵬҹ SACs̆ ΐ ѿ NO

Hg0 Ҭ ⱬȂ 

4-4 Ҭ Ỳ ╕Ỳ NO Hg0 RDŜeṼ  

Ỳ ╕ NO  Hg0 ₱ ᴆ 

LaMnO3 (001)[108] 

Co1CNT-N3[37] 

LaCoO3(011)[109] 

Ce-doped LaCoO3(011)[109] 

Fe1VB-BN[110] 

Mn1g-C3N4[39] 

Ni1g-C3N4[111] 

Co1g-C3N4[111] 

Sc1N4[103, 104] 

2.29 

1.65 

2.63  

2.50 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

2.91 

2.84/3.13 

2.59 

2.92 

4.89 

PBE 

PBE 

PBE 

PBE 

PBE 

PBE 

PBE 

PBE 

PBE 

CASTEP 

VASP 

DMol3 

DMol3 

CASTEP 

VASP 

VASP 

VASP 

VASP 
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Ti1N4[103, 104] 

V1N4[103, 104] 

Cr1N4[103, 104] 

Fe1N4[103, 104] 

Co1N4[103, 104] 

Co1P2C2-pen [] 

3.60 

2.85 

1.74 

1.33 

1.49 

0.98 

4.98 

4.98 

3.12 

2.40 

2.73 

2.14 

PBE 

PBE 

PBE 

PBE 

PBE 

PBE 

VASP 

VASP 

VASP 

VASP 

VASP 

VASP 

4.6  

╠ֲ Ҋ̆ SACs Ҭ Ỳ ╕ ԅ

̆ ԅ4 Ỳ NO Hg0 CoỲ ╕̆ Co1P2C2-

pen̂C-P ᵝ ȁ̃Co1N1C1P2-pen̂C-N-P ᵝ ȁ̃Co1S1N1C2-pen̂C-N-Sԓ

ᵝ̃ Co1S1N1C2-hex̂C-N-SΈ ᵝ Ȃ̃ 4 Ỳ ╕Ỳ NO Hg0

ԅ ̆ ԅ ꜚⱬ Ȃ pCOHPBader

№ ׆ ԅCo1P2C2-pen Ȃ ̆ Co1P2C2-penҍ

ׂҹ 10φ Ỳ ╕ Ỳ NO Hg0 Ҭ ‗

ԅ Ȃ Һ Ҋ̔ 

̂1̃ Co1P2C2-penȁCo1N1C1P2-penȁCo1S1N1C2-penCo1S1N1C2-hex Ỳ

╕Ỳ NO Hg0 ‗ №≢ҹ0.982.14 eVȁ1.232.32 eVȁ1.36

2.25 eVץ 1.242.22 eVC̆o1P2C2-pen4 Ỳ ╕Ҭΐ ᵞ ‗

̆ ₮ԅ ᴨלȂ 

̂2̃ ꜚⱬ TOF № ̆ ⱬ ᴆҊ̆

Co1P2C2-pen4 Ỳ ╕Ҭΐ TOFṿ̂ NO Hg0№≢ҹ6.70¦106/s

3.23¦10-18/s̃Ȃ 

̂3̃ ҍ ╠ Fe1N4Ỳ ╕ ̆Co1P2C2-penỲ NO

Hg0ΐ ᵞ ‗ ᴨלȂpCOHP № ̔Co1P2C2-penң

֟ ̂NO2 (HgO)2-chainΐ̃ ᵞ ̂IpCOHP ԍFe1N4№

≢ᵞ0.750.68 eṼ ̂Bader ԍFe1N4№≢ᵞ0.06 

ẽ̆ ѿ ԅCo1P2C2-penỲ Ȃ 

̂4̃ Co1P2C2-penҍ ╠ 10φ Ỳ ╕ ̆ῒ Ỳ

NO Hg0 ΐ ᵞ‗ ᴨלȂ 
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5  ԓ ӥ Ỹ ╛  

4 Ỳ ╕̂SACs̃ ₮ԅ4 Ỳ NO

Hg0 CoỲ ╕Ȃ ̆ DFT ⱬ̕ ̆

ӟ Ỳ ╕ ȁ Ḥ ̆ ꜚ

Ҋ Ỳ NO Hg0 SACsΐ ӈȂ 

≠ ҬDFT ⌠ Ỳ ╕Ḥ ̆Ṣꜛ ӟ

ΐ ԅ ץ Ỳ ╕ ȁ Ḥ ӟ Ȃ≠

ԅ 684 ᵝ SACs O2 O ̆

Ҭ׆ ₮ԅ2 Ỳ NO Hg0 Ỳ ╕SACsȂ 

5.1 ӥ  

3 SACs Ҭ 1197Ỳ ╕ ᵝ №Ḥ

≠̆ MatminerҬmatminer.featurizers.compositionᴆ ElementPropertyⱳ

̆ Ỳ ╕ ᵝ № [89]Ȃ SACs ԅ132ҩ

̆ ҩ Ҭ 1 ̆ ᶏ Magpie

[112]̆ῒҺ SACs ᵝ Ҭ ̂TiȁVȁCrȁMnȁFeȁCoȁNiȁ

Cu Zñ ᵝ ̂BȁNȁOȁP S̃ ᾝ ⌠Ȃ

ԍ ᵝ Ҭ C ̆ Magpie Ӟ ῀ ᵝ

ҬȂ 

ԍ 132ҩMagpiĕ ╧ ԅῒҬ ȁ ṿץ ΐ

῏ ̆ ԅ 24ҩ∆ ԍ ӟ

MagpieȂ 

5.2  

5.2.1 ῗ ⅎ  

ԍ ӟ ̆ ҉ Ȃ ̆

ԑΐ ῏ ѿ ╧ ῒҬѿҩ̆ Ḡ ԍ ӟ

῏ Ȃ 24ҩ Magpie ԅ ῏ № ̆ ԅ 15

ҩ ԑ ῏ ṿ ԍ 0.8 [86]̆ ԅ 15ҩ ῏

ⱬ ̂ 5-1 Ȃ̃׆ Ҭ ץ 15ҩ Magpie ҌῬΐ

῏ ṿ ԍ 0.8 ̆ Ḡԅ ԍ ӟ Ȃ 
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5-1 15ҩΐ ῏ Magpie ῏ ⱬ  

5.2.2 ⅎ  

№ ԍԅ ҩ ̂ ῀̃ ̆

ץ ₮ ғ ̆ῒ ӟ ⌠ԅ

Ȃ ̆ № ⱴץ ̆

Ȃ 

15ҩ Magpie ̂ Bader ȁ d Ҭ ȁ

ᵣ ȁ ̃ № № ѿ Ȃ

ԅXGBoost Ҭ 15ҩMagpie Ҭ № ̆

5-2 Ȃ ľMagpieData avg_dev NumberĿ̂ Ẓ ̃ 15

ҩ Ҭΐ 728.0 №̆ ԍ ӟ ΐ

Ȃ ľMagpieData mode NpValenceĿ̂ p ̃↕ 8.0 ᵞ
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№̆ ӟ Ȃ ԍ 15ҩ Ҭ № ᵞ̆

╧ ̂ ᴪ Ҭ₮ Ҥ Ȃ̃

̆ 5-2Ҭ ľMagpieData mode NpValenceò14ҩ Magpie ԍ

ӟ Ȃ 

 

5-2 XGBoost Ҭ 15ҩ Magpie Ebind №  

5.3 ӥ  

Ỳ ╕ ̆ ≠ Ҭ1197 SACs

14ҩMagpieȁ Bader ȁ d Ҭ ȁr

Ḥ Ȃ ̆ ԅ 657

Ỳ ╕ 14ҩ Magpieȁ O2 ̂ᶷ ң ȁ̃ O

ץ NO Ḥ Ȃ№≢ 7:3 ⅞№ ᶛ ⅞ҹ

Ȃ 

5.4 ӥ  

ᶏ 14ҩ Magpieᵬҹ ῀ ̆ ҬỲ ╕ Bader

ȁ d Ҭ ȁr ȁEbindȁEads(O2side)ȁEads(O2end)ȁEads(O)Eads(NO)

№≢ᵬҹ ԍ ӟ Ȃ 

5.4.1 ӥ  

XGBoost̂Extreme Gradient Boosting̃ ѿ ԍ ӟ

ῒ̆ ȁ ‰ ҉ΐ ᴨלȂXGBoostҺ ‗

ӟ ̆ ≠ ҩ xi yiȂ
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ӟҬ ѿ ₱ ̆ xi yiȂ 

XGBoostᵬҹѿ ‗ ̆ῒ GBDT̂Gradient 

Boosting Decision Treẽ ‗ ҉ ԅ ̆ᶏ

⌠ [85]Ȃᵬҹѿ ╠ ⱴ ̆ῒ ĺBoostinğ

ҩ ӟ ѿ ҹѿҩ ӟ Ȃ ῍ ‗ ̆

ṿҍᾢ╠ ӊ ̕

ⱴ ⌠ ץ̆ ⌠ ҩ [85]ȂXGBoost

CART̂ Classification And Regression Treẽ № ̆ ῒ ץ №

ȁ ȂXGBoost Һ ᴨ ץ ҹץҊ₃ ̔ 

̂1̃ ̔ ᴨ ̆ ץ ̆ΐ

̕ 

̂2̃‰ ̔ ף ᴨ ̆ ҉ ᴨԍῒז ̕ 

̂3̃ ̔ ᶫ ᵀ̆ ꜛ Ȃ 

ԍ ҩ ῀ xi ҩ yi

ץ XGBoost ᴨ ̆ ԍ ӟ Ȃ 

5.4.2 ӥ  

ӟ Ҭ̆ ᴪ ѿ ҉

‰ Ȃ ӟ ӊ╠ ꜚ ̆

Ҍ ⌠ Ȃ ᴪ ⌠ ȁ ȁ

ⱬ ҩ Ȃ XGBoost Ҭ ᵀ ҩ

̂n_estimatorsȁ̃ Ҭ ̂min_child_weightȁ̃

̂max_depthȁ̃ ̂gammaȁ̃ ᶛ

̂ colsample_bytreẽȁ ѿ ᶛ

̂colsample_bylevelȁ̃ ̂subsampleȁ̃L1↕ ̂reg_alphaȁ̃

L2 ↕ ̂reg_lambdã ӟ ̂learning_ratẽ 10ҩ ԅ

Ȃ 

ӟ Ҭᶏ ᴨ [113]̆ ᴨ

Һ ѿҩ ңҩ ̆ ⌠ ᴨ

⌠῀ף Ҭ ▼ᵩ Ȃ 

5.4.3 ӥ ᵆ  

‗ ̂R-Squared, R2 ȁ̃ ̂Mean Squared Error, MSẼ
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̂Mean Absolute Error, MAẼ ᵬҹ ᵀ ӟ [86]Ȃ 

̂1 R̃2̔‗ Ȃ R2 ṿ̆ ∞

̆ῒ ṿ ҹ 0~1Ȃ 0̆ ̕ 1̆

Ȃѿ ̆R2 ̆ Ȃ 

2

2

_
2

( )

1

( )

i i

i

i i

i

y y

R

y y

Ø

-

= -

-

ä

ä
                     ̂ 5-1̃ 

Ҭ̔
^

i iy y- ҹ ṿҍ ṿӊ ̕
_

i iy y- ҹ ṿ ṿҍ ṿӊ Ȃ 

̂2̃MSE̔ ᾢ ṿҍ ṿ ṿ ̆ Ῥ ṿȂѿ

ԍ ᵀ ṿ ṿӊ Ẓ ̆ῒ ṿ ȂMSE ̆

Ẓ ȂMSE Ὲ Ҋ̔ 

2

1

1
( )

m

i i

i

MSE y y
m

Ø

=

= -ä                     ̂ 5-2̃ 

Ҭ̔
^

i iy y- ҹ ṿҍ ṿӊ Ȃ 

̂3 M̃AE ᾢ̔ ṿҍ ṿ ṿ ṿ̆ Ῥ ṿȂMAE

ԍ ᵀ ῒ̆ ṿҌ ȂMAE ̆ Ȃ

MAE Ὲ Ҋ̔ 

1

1 m

i ii
MAE y y

m

Ø

=
= -ä                     ̂ 5-3̃ 

ҹ̆ԅ ᵞ ԍ ⅞№ Ẽ ᾟ̕№≠

׆̆№⅞ ᾧ ҹ ⅞№ ԅҌΐ ⱬ

Ẽ ̕ ֜ ᵞẼ ̆ ⱬ[114]Ȃ֜  

ΐᵣẠ ҩ №⅞№ҹ k ҩ ̆ῒҬ kī1ҩᵬҹ ̆▼

Ҋ 1ҩᵬҹ Ȃ №̆≢ ῒ ̆

Ӟ Ạ k ֜ ̂k-fold cross validatioñȂ10 ֜ ╠

̆ ԅ 10 ֜ ⌠ R2ȁMSE MAEȂ 

5.4.4 ӥ  

̂1̃ Bader  

14ҩ Magpie SACs Bader XGBoost

5-1 Ȃ ҉ 5-3 ̆
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№≢ ҉ Ȃ ҉ R2ҹ 0.981ȁ

MSEҹ 0.002ȁMAE ҹ 0.030̕ ҉ R2ҹ 0.880ȁMSEҹ 0.013ȁ

MAEҹ 0.07̕ 10 ֜ Ҭ̆ R2ҹ 0.901ȁMSEҹ 0.011ȁMAE

ҹ 0.065Ȃ 

Wang ֲ[115]≠ ∆ ԅ FeỲ ╕ Bader

ӟ ̆ῒ R2ҹ 0.73ȁMSEҹ 0.017Ȃ ҍ╠ֲ ץ ̆

SACs Bader ץ Ỳ ╕ Bader

ⱴ‰ ̂R2 ̆MSE Ȃ̃ 

5-1 SACs Bader  

 ṿ 

n_estimators 150 

learning_rate 

max_depth 

min_child_weight 

gamma 

0.15 

8 

13 

0 

subsample 

colsample_bytree 

colsample_bylevel 

0.9 

0.7 

0.4 

reg_lambda 0.05 

reg_alpha 0.04 

 

5-3 SACs Bader ̕a)SACs Bader

҉ ̕b)SACs Bader ҉  

̂2̃ d Ҭ  

SACs d Ҭ 5-2 Ȃ
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҉ 5-4 ̆ ҉ R2ҹ 0.990ȁMSEҹ 0.047ȁMAEҹ

0.150̕ ҉ R2ҹ 0.954ȁMSEҹ 0.243ȁMAEҹ 0.308̕ 10 ֜

Ҭ̆ R2ҹ 0.955ȁMSEҹ 0.223ȁMAEҹ 0.304̕

‰ץ SACs d Ҭ Ȃ 

╠ֲ≠ ӟ ԅ AgȁAu Ҭ d Ҭ ̆ῒ MAE

ҹ 0.14[116]̕ῒ ԍ ᵞ̆ ԍ ᵣ

Ȃ ׆̆ 5-4Ҭ ץ ̆ ҬỲ ╕ d Ҭ № ΐ ѿ

̆ №Ỳ ╕ d Ҭ Һ № -9~-5 eV -4~1 eV ῤ̆ -5~-4 eV

ῤ № ↕ Ȃ 

5-2 SACs d Ҭ  

 ṿ 

n_estimators 240 

learning_rate 

max_depth 

min_child_weight 

gamma 

0.1 

4 

3 

0 

subsample 

colsample_bytree 

colsample_bylevel 

1 

0.8 

0.6 

reg_lambda 1 

reg_alpha 0 

 

5-4 SACs d Ҭ ̕a)SACs d Ҭ

҉ ̕b)SACs d Ҭ ҉  

̂3̃ᵣ  
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SACsᵣ 5-3 Ȃ ҉

5-5 ̆ ҉ R2ҹ 0.99998ȁMSEҹ 0.000073ȁMAEҹ

0.005̕ ҉ R2ҹ 0.982ȁMSEҹ 0.113ȁMAEҹ 0.141̕ 10 ֜

Ҭ̆ R2ҹ 0.987ȁMSEҹ 0.081ȁMAEҹ 0.108Ȃ ץ ̆

҉ ₮ԅ R2 ̆ ‰ץ

Ỳ ╕ ᵣ Ȃ 

5-3 SACsᵣ  

 ṿ 

n_estimators 2600 

learning_rate 

max_depth 

min_child_weight 

gamma 

0.1 

4 

11 

0 

subsample 

colsample_bytree 

colsample_bylevel 

0.8 

0.8 

0.8 

reg_lambda 1 

reg_alpha 0.09 

 

5-5 SACsᵣ ̕a)SACsᵣ ҉ ̕

b)SACsᵣ ҉  

̂4̃Ỳ ╕ ̂Ebind̃  

SACs 5-4 Ȃ ҉

5-6 ̆ ҉ R2ҹ 0.928ȁMSEҹ 0.280ȁMAEҹ 0.398̕

҉ R2ҹ 0.843ȁMSEҹ 0.619ȁMAEҹ 0.608̕ 10 ֜
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Ҭ̆ R2ҹ 0.851ȁMSEҹ 0.553ȁMAEҹ 0.563Ȃ 

╠ֲ≠ ӟ ԅ ҹ SACs ῒ̆

҉ R2ҹ 0.865ȁMAE ҹ 0.307[117]Ȃ ̆ MAE

̆ ԍỲ ╕ ҬҌֽ ⌠Ỳ ╕ ̆

⌠ ̕ Ỳ ╕ Ebind ̆ ṿҍ

DFT ṿӊ ѿ Ȃ ̆ Ỳ ╕ №

̂2~-10 eṼ ̆Ӟᴪ ⱴȂ 

5-4 SACs Ebind  

 ṿ 

n_estimators 80 

learning_rate 

max_depth 

min_child_weight 

gamma 

0.1 

5 

12 

0.08 

subsample 

colsample_bytree 

colsample_bylevel 

0.8 

0.8 

0.9 

reg_lambda 1.1 

reg_alpha 0.06 

 

5-6 SACs Ebind ̕a)SACs Ebind ҉ ̕b)SACs

Ebind ҉  

̂5̃O2side  

SACs O2side 5-5 Ȃ

҉ 5-7 ̆ ҉ R2ҹ 0.946ȁMSEҹ 0.070ȁMAEҹ
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0.195̕ ҉ R2ҹ 0.845ȁMSEҹ 0.185ȁMAEҹ 0.326̕ 10 ֜

Ҭ̆ R2ҹ 0.846ȁMSEҹ 0.188ȁMAEҹ 0.323Ȃ 

Wang ֲ[118] ԍ ӟ ₮ԅѿ SACŝ N ᵝ ҉̃ O2

ꜚ ῒ̆ ῏ R2 ⌠ԅ 0.764Ȃ ץ ̆

O2 Ȃ Ҭ̆ ԍῒ DFT

⌠ ᵣ Ỳ ╕ ңҩ №̆ ṿ DFT ṿӊ

ԍỲ ╕ ԅѿ ⱴȂ 

5-5 SACs Eads(O2side)  

 ṿ 

n_estimators 60 

learning_rate 

max_depth 

min_child_weight 

gamma 

0.1 

8 

9 

0 

subsample 

colsample_bytree 

colsample_bylevel 

0.67 

1 

0.5 

reg_lambda 1 

reg_alpha 0 

 

5-7 SACs Eads(O2side) ̕a)SACs Eads(O2side) ҉ ̕

b)SACs Eads(O2side) ҉  

̂6̃O2end  

SACs O2end 5-6 Ȃ

҉ 5-8 ̆ ҉ R2ҹ 0.968ȁMSEҹ 0.022ȁMAEҹ
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0.075̕ ҉ R2ҹ 0.869ȁMSEҹ 0.089ȁMAEҹ 0.211̕ 10 ֜

Ҭ̆ R2ҹ 0.835ȁMSEҹ 0.109ȁMAEҹ 0.226Ȃҍ Eads(O2side)

̆Eads(O2end) ᵞȂ 

5-6 SACs Eads(O2end)  

 ṿ 

n_estimators 350 

learning_rate 

max_depth 

min_child_weight 

gamma 

0.06 

5 

3 

0 

subsample 

colsample_bytree 

colsample_bylevel 

0.8 

0.8 

0.9 

reg_lambda 1 

reg_alpha 0 

 

5-8 SACs Eads(O2end) ̕a)SACs Eads(O2end) ҉ ̕

b)SACs Eads(O2end) ҉  

̂7̃O  

SACs O 5-7 Ȃ

҉ 5-9 ̆ ҉ R2ҹ 0.870ȁMSEҹ 0.337ȁMAEҹ

0.383̕ ҉ R2ҹ 0.745ȁMSEҹ 0.597ȁMAEҹ 0.535̕ 10 ֜

Ҭ̆ R2ҹ 0.710ȁMSEҹ 0.724ȁMAEҹ 0.570Ȃ 

Shambhawi ֲ[119] ԍ Ỳ ╕₃ᵥ ̆ ԅ O

̂GPR̃̆ ῒ ҉ MAEҹ 0.67Ȃ ץ
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̆ O MAE ̆ ԍ╠ֲ ԅ

ѿ ᵞȂ 

5-7 SACs Eads(O)  

 ṿ 

n_estimators 90 

learning_rate 

max_depth 

min_child_weight 

gamma 

0.1 

4 

11 

0.1 

subsample 

colsample_bytree 

colsample_bylevel 

0.8 

0.8 

0.9 

reg_lambda 0.6 

reg_alpha 0.3 

 

5-9 SACs Eads(O) ̕a)SACs Eads(O) ҉ ̕b)SACs

Eads(O) ҉  

̂8̃NO  

SACs NO 5-8 Ȃ ҉

5-10 ̆ ҉ R2ҹ 0.958ȁMSEҹ 0.031ȁMAE ҹ

0.127̕ ҉ R2ҹ 0.768ȁMSEҹ 0.168ȁMAEҹ 0.307̕ 10 ֜

Ҭ̆ R2ҹ 0.788ȁMSEҹ 0.154ȁMAEҹ 0.282Ȃ 

Panapitiya Gihan ֲ[120] ӟ ԅ CO№ ̂COҍ NOΐ

ᵌ ̃ Ҍ Au36 ̆ῒ R2ҹ 0.65Ȃ

ץ ̆ NO№ ΐ R2̆
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Ҭ Ȃ  

5-8 SACs Eads(NO)  

 ṿ 

n_estimators 200 

learning_rate 

max_depth 

min_child_weight 

gamma 

0.1 

5 

15 

0.02 

subsample 

colsample_bytree 

colsample_bylevel 

0.8 

0.8 

0.9 

reg_lambda 0.8 

reg_alpha 0.09 

 

5-10 SACs Eads(NO) ̕a)SACs Eads(NO) ҉ ̕

b)SACs Eads(NO) ҉  

5-3⌠ 5-10 ץ ̆14ҩ SACs

̂ Bader ȁd Ҭ ᵣ ̃ ̆ ≢

SACs ᵣ ₮ ̕ ̆ Ӟ ץ

SACs ̂O2ȁO NO Ȃ̃ 

Malone Walter ֲ[121] ≠ ӟ ΐ HȁN

̆ Ҭ Һ

֟ ‗ Ȃ ̆ ҍ Ҭ

̆ѿ ԍ PȁS ΐ ԅ

↕ ̂ Ҥ Ҍ ↕ ̃̆ ԅỲ ╕

ᵣ № ̂ ̃̕ ѿ ̆



ⱬ ᵝ  

57 

ҬҌֽ Ỳ ╕ ̆ ⌠ ⱴᵣ ̂ ȁ

ᵣ ̃ Ȃ׆ ᶏ ̆ ԍỲ

╕ ⌠ԅѿ ꜚȂ 

5.5 Ỹ ╛  

ӟ ̆ ץ Ỳ ╕ Ȃ

SACs O2 O ̂№≢ҹ-0.41 -0.47 eV[103, 104]̃ ץ

Ỳ NO Hg0 Ỳ ╕ Ȃ Ṣ̆ꜛ ӟ

Ỳ ╕ O2 O ̆ ץ

Ỳ ╕ Ȃ 

5.5.1 Ỹ ╛  

3 Ҭ DFT SACsҺ ץ 3d ᵬҹҬ

ᵝ SACs̆ ᵝ SACsֽ ⌠ԅ N Ȃ

̆ ᵝSACs ᵝ Ỳ Ӟ ⌠ԅ [51, 122, 123]Ȃ ̆

ᵝ SACs ᵝ ̆ Ỳ NO Hg0

SACs ΐ ӈȂ ץ 3d ᵬҹ SACsҬ ̆

ᵝ ̆ ᵝ ↓ ԅ 684 ᵝ SACs ̆ ԍ

Ỳ ╕ Ȃ 

5.5.2 Ỹ ╛  

ᶏ ӟ 684 Ỳ ╕O2 O

̆ O2 O №≢ ԍ-0.41 -0.47 eV Ỳ ╕
[103, 104]Ȃ ⌠ Ҭ DFT ⌠ Ỳ ╕̆ῒ O2ᶷ

ԍ ̕ ̆ O2 ̆ O2ᶷ ӟ

Ȃ Ỳ ╕ ṿ № ̆ ԅ 4 ᵝSACs

̂Cu1S2N1ȁZn1S1N2ȁZn1B1P1C1 Zn1O2N1 Ȃ̃ῒ O2 O

ṿ№≢ ԍ-0.41 -0.47 eV ̆ΐ ̆ל 5-9 Ȃ 

5-9 Ỳ ╕ O2 O ṿ DFT ṿ ̂eṼ 

SACs 
ṿ ṿ 

ṿ 

ṿ ṿ 

ṿ 
Eads(O2) Eads(O2) Eads(O) Eads(O) 

Cu1S2N1 

Zn1S1N2 

-0.55 

-0.73 

-0.52 

-0.81 

0.03 

0.08 

-0.32 

-0.63 

-0.12 

-0.39 

0.20 

0.24 
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Zn1B1P1C1 -0.46 -0.67 0.21 -0.47 -0.61 0.14 

Zn1O2N1 -0.54 -0.34 0.20 -0.33 -0.36 0.03 

ԅ 4 Ỳ ╕O2 O ṿ DFT ṿ Ȃ

DFT ̆4 Ỳ ╕ O2 O ṿҍ ӟ

ṿ №≢ҹ 0.13 0.15 eV̆ ӟ ץ

Ỳ ╕ Ȃ 

5-10 ѿ ↓₮ԅ҈ Ỳ ╕ O2 O DFT ṿҍ

ᴨṿ Ẓ ṿȂ׆ Ҭ ץ ̆Cu1S2N1 ԍ O

ᴪ̆ Ҭ֟ Ҍ̆≠ԍỲ [104]Ȃ ̆

Zn1S1N2ȁZn1B1P1C1 Zn1O2N1҈ ᵝ SACs Ỳ NO

Hg0 Ỳ ╕ Ȃ 

5-10 Ỳ ╕ O2 O DFT ṿҍ ᴨṿ Ẓ ṿ 

SACs 
ṿ  ҍ

Ẓ ṿ 

ṿ  ҍ
Ẓ ṿ 

Eads(O2) Eads(O2) Eads(O) Eads(O) 

Cu1S2N1 -0.52 -0.41 -0.09 -0.12 -0.47 0.35 

Zn1S1N2 -0.81 -0.41 -0.40 -0.39 -0.47 0.08 

Zn1B1P1C1 -0.67 -0.41 -0.25 -0.61 -0.47 -0.14 

Zn1O2N1 -0.34 -0.41 0.07 -0.36 -0.47 0.11 

5.6  

Ҭ SACs ᵝ №Ḥ ≠̆ Matminer ΐ ԅ 132

ҩ Magpie Ȃ ׆ 132ҩ Magpie Ҭ ԅ 14ҩ

Ȃ≠ 14ҩ Magpie ᵬҹ ῀ ̆ ҬỲ ╕ ȁ

DFT ṿᵬҹ ₮ ԍ XGBoost Ȃ≠

ᴨ ԅ XGBoost ̆ ԅ ץ Ỳ ╕

ӟ Ȃ≠ ӟ 684 Ỳ ╕ O2 O

ԅ ̆ DFT ₮ԅ 3 ᵝ SACsȂ

Һ Ҋ̔ 

̂1̃ ӟ SACs Baderȁᵣ

d Ҭ ‰ ̆ῒ ҉ R2 ԍ0.880̆ №

≢ҹ0.071ȁ0.308 0.141Ȃ ̆ NO Hg0Ỳ O2 O

ῒ̆ ҉ R2№≢ҹ0.845 0.745̆ №≢ҹ0.326

0.535Ȃ 
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̂2̃≠ ӟ ׆̆ 684 ᵝ SACsҬ ₮ԅ 3

O2 O №≢ ԍ-0.41 -0.47 eV SACs̆ Cu1S2N1̂-0.55

-0.32 eṼȁZn1S1N2̂ -0.73 -0.63 eṼ ȁZn1B1P1C1̂ -0.46 -0.47 eṼ Zn1O2N1

̂-0.54 -0.33 eṼȂ 

̂3̃DFT ̆4 ⌠ Ỳ ╕ O2 O

ṿҍ ṿ №≢ҹ 0.13 0.15 eV ῒ̕Ҭ Zn1S1N2̂ -0.81 -0.39 eṼ

Zn1B1P1C1̂ -0.67 -0.61 eṼȁ Zn1O2N1̂ -0.34 -0.36 eṼ 3 Ỳ ╕ Ỳ

NO Hg0 Ỳ ╕ Ȃ 
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6  ғ  

6.1  

Һ ꜚ ҊỲ NO Hg0 Ỳ

╕̂SACs̃ Ȃ ᾢ̆ ᵝ ԅ 1197 SACs̆

⌠ԅỲ ╕₃ᵥᴨ ȁ ȁ Ḥ ̆

ԅѿҩῈ SACs Ȃῒ ̆ ᵝ CoỲ ╕

Ҭ ₮ԅ 4 Ỳ NO Hg0 SACsȂ№ ԅ 4 Ỳ ╕

Ỳ NO Hg0 ̆ ⌠ԅ ‗

Ȃ ̆ ԅ ꜚⱬ ̆ ԅ 4 Ỳ ╕Ỳ NO Hg0

TOFȂ ̆ ԍ ԅ ӟ ᶏ̕ 684

Ỳ ╕ O2 O ԅ ̆ ₮ԅ 3 Ỳ NO Hg0

Ỳ ╕ Ȃ SACs ҍ ӟ ҹ̆

ꜚ Ҋ SACs ԅ ̕ ₮

SACsҹ Ỳ NO Hg0 ᶫԅ Ȃ Һ Ҋ̔ 

̂1̃№ SACs ̂https://catalysis-ncepu-

hvkydg736ykqeq26d5gxrn.streamlit.app/̃ ̆Ҭ Ỳ ╕

̂ Bader ȁd Ҭ ᵣ ̃ΐ ̆ ᵝ

Ỳ ╕ ȂץSACs ᵣ ҹᶛ Ҭ̆

Ti~Zn׆ SACsr 1.22~12.11ῤ ̕ Tiץ

ҹҬ 1̆33Ҍ ᵝ SACsῒᵣ ↕ 1.22~2.44ῤ Ȃ

̆ SACsҬ ⱴ̆ῒ O2 O

⁞ Ҍ̆ ᵝ € ̂NiȁCu Zn ҹҬ

Ỳ ╕ Ȃ̃ץO ҹᶛ̆ץTi ҹҬ Ҍ SACsῒO

-1.63~-4.63 eVῤ Ȃ Cuץ ҹҬ Ҍ SACsῒO

1.97~-3.67 eVῤ ῒ̆O Ҍ ᵝ Ȃ 

̂2̃ ԍ Ҭ SACs O2 O Ḥ ╠ֲ

̆ ₮ԅ 4 Ỳ NO Hg0 CoỲ

╕̆ Co1P2C2-pen̂C-P ᵝ ȁ̃Co1N1C1P2-pen̂C-N-P ᵝ ȁ̃Co1S1N1C2-pen̂C-

N-Sԓ ᵝ̃ Co1S1N1C2-hex̂C-N-SΈ ᵝ Ȃ̃

̆Co1P2C2-pen 4 Ỳ ╕Ҭΐ ᵞ ‗ ̂ NO Hg0

‗ №≢ҹ 0.98 2.14 eṼȂ ꜚⱬ ѿ ̆

Co1P2C2-pen 4 Ỳ ╕Ҭ ₮ TOFṿ̂ ԍ NO Hg0 №≢

https://catalysis-ncepu-hvkydg736ykqeq26d5gxrn.streamlit.app/
https://catalysis-ncepu-hvkydg736ykqeq26d5gxrn.streamlit.app/
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ҹ 6.70¦106/s 3.23¦10-18/s̃ Ȃ 

̂3̃ҍ ╠ FeỲ ╕̂Fe1N4̃ ̂ NO Hg0

‗ №≢ҹ1.31 2.56 eṼ̆ Co1P2C2-penỲ NO Hg0ΐ
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