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ɼʦʛʦʚʦʨ BG-RRP-2.004-0008 ʟʘ ʬʠʥʘʥʩʠʨʘʥʝ ʥʘ ʧʨʦʝʢʪ Ăʉʆʌʀʁʉʂʀ ʋʅʀɺɽʈʉʀʊɽʊ ï ʄɸʈʂɽʈ ɿɸ ʀʅʆɺɸʎʀʀ ʀ ʊɽʍʅʆʃʆɻʀʏɽʅ ʊʈɸʅʉʌɽʈ (SUMMIT)ñ ʧʦ ʩʪ̡ʣʙ 2 Ăʉ̡ ʟʜʘʚʘʥʝ ʥʘ ʤʨʝʞʘ ʦʪ ʠʟʩʣʝʜʦʚʘʪʝʣʩʢʠ ʚʠʩʰʠ ʫʯʠʣʠʱʘñ

ʚ ʨʘʤʢʠʪʝ ʥʘ ʢʦʤʧʦʥʝʥʪ Ăʀʥʦ ʚʘʪʠʚʥʘ ɹ̡ ʣʛʘʨʠñ̫ ʦʪ ʅʘʮʠʦʥʘʣʝʥ ʧʣʘʥ ʟʘ ʚ̡ʟʩʪʘʥʦʚʚ̫ʘʥʝ ʠ ʫʩʪʦʡʯʠʚʦʩʪ ʢʤ̡ ʧʨʦʛʨʘʤʘʪʘ ʟʘ ʫʩʢʦʨʷʚʘʥʝ ʥʘ ʠʢʦʥʦʤʠʯʝʩʢʦʪʦ ʚ̡ʟʩʪʘʥʦʚʚ̫ʘʥʝ ʠ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ʯʨʝʟ ʥʘʫʢʘ ʠ ʠʥʦʚʘʮʠʠ

ȳɆəɝɓɆ ɉɖəɕɆ: 3.1.5 ĂComputational Heterogeneous Catalysis ñ

ȰɈɆɓɘɔɈɔɛɎɒɎɝɓɔɒɔɊɋɑɎɖɆɓɋ ɓɆ ɐɆɘɆɑɎɘɎɝɓɎ ɗɎɗɘɋɒɎ Ɏ ɖɋɆɐɜɎɎ 
ɕɖɔɘɎɝɆɟɎ Ɉɠɖɛə ɘɥɛ

ɕɖɔɚ. ȻɖɎɗɘɎɥɓ ȦɑɋɐɗɆɓɊɖɔɈ



ȰɆɘɆɑɎɍɆɘɔɖɎ

Ä ȵɖɔɒɋɓɥɘɗɐɔɖɔɗɘɘɆɓɆɛɎɒɎɝɓɎɘɋ

ɕɖɔɜɋɗɎ,ɇɋɍɊɆɗɋɎɍɖɆɍɛɔɊɈɆɘ

Ä ȵɔɍɈɔɑɥɈɆɘɖɋɆɐɜɎɎɘɋɊɆɕɖɔɘɎɝɆɘ

ɕɖɎɕɔɊɛɔɊɥɟɎəɗɑɔɈɎɥ(ȶɎ ȸ),

əɈɋɑɎɝɆɈɆɏɐɎɊɔɇɎɈɆ Ɏ

ɓɆɒɆɑɥɈɆɏɐɎɜɋɓɆɘɆɓɆɕɖɔɊəɐɘɆ

Ä ȳɆɊ 80 % ɔɘ ɎɓɊəɗɘɖɎɆɑɓɎɘɋ

ɕɖɔɜɋɗɎɗɋ əɗɐɔɖɥɈɆɘ(ɕɔɓɋ

ɔɘɝɆɗɘɎ)ɝɖɋɍɐɆɘɆɑɎɍ

https://yugal.me/activation -energy -and -catalysts/

https://ib.bioninja.com.au/higher - level/topic -8-
metabolism -cell/untitled -6/activation -energy.html

ȧɋɍ ɐɆɘɆɑɎɍɆɘɔɖ ȷ ɐɆɘɆɑɎɍɆɘɔɖ
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ȰɆɘɆɑɎɍ: ɘɖɎ ɔɗɓɔɈɓɎ ɓɆɕɖɆɈɑɋɓɎɥ

Ä Ȼɋɘɋɖɔɉɋɓɋɓ ɐɆɘɆɑɎɍ- ɊɈɋ ɎɑɎ ɕɔɈɋɝɋ ɚɆɍɎ

- ȻɋɘɋɖɔɉɋɓɓɎɥɘ ɐɆɘɆɑɎɍɆɘɔɖ ɋ ɐɆɘɆɑɎɍɆɘɔɖ ɈɠɈ ɚɆɍɆ, ɖɆɍɑɎɝɓɆ ɔɘ ɖɋɆɉɋɓɘɎɘɋ

- ȰɆɘɆɑɎɍɆɘɔɖɎɘɋ ɔɇɎɐɓɔɈɋɓɔ ɗɆɘɈɠɖɊɎɗ ɉɆɍɔɔɇɖɆɍɓɎ ɖɋɆɉɋɓɘɎ

- ȶɋɆɐɜɎɥɘɆ ɕɖɔɘɎɝɆ ɓɆɕɔɈɠɖɛɓɔɗɘɘɆɓɆ ɐɆɘɆɑɎɍɆɘɔɖɆ

Ä ȻɔɒɔɉɋɓɋɓɐɆɘɆɑɎɍ- ɋɊɓɆɚɆɍɆ

Ä ȫɓɍɎɒɋɓɐɆɘɆɑɎɍ- ɌɎɈɎɔɖɉɆɓɎɍɒɎ

3

Lykhach , Johanek , Aleksandrov , Kozlov , Happel , Skala ,

Petkov , Tsud , Vayssilov , Prince , Neyman , Matol²n, Libuda

J. Phys. Chem. C, 2012 , 116 (22) , 12103ī12113

H. A. Aleksandrov , N. Pegios , R. Palkovits , K. Simeonov ,
G. N. Vayssilov
Catalysis Science & Technology , 2017 , 7, 3339 -3347.



https://www.anl.gov/article/7 - things -you -may -not -know -about -catalysis 4



https://www.anl.gov/article/7 - things -you -may -not -know -about -catalysis 5
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ȮɍɝɎɗɑɎɘɋɑɋɓ ɐɆɘɆɑɎɍ

Ä ȮɍɝɎɗɑɎɘɋɑɓɎɥɘ ɐɆɘɆɑɎɍɒɔɌɋ ɊɆ ɕɔɒɔɉɓɋ ɊɆ ɗɋ: 

- ȴɕɖɋɊɋɑɎ ɗɘɖəɐɘəɖɆɘɆ ɓɆ ɐɆɘɆɑɎɍɆɘɔɖɎɘɋ Ɏ ɊɆ ɗɋ ɕɔɗɔɝɆɘ ɐɆɘɆɑɎɘɎɝɓɔ-ɆɐɘɎɈɓɎɘɋ ɜɋɓɘɖɔɈɋ

- ȳɆɒɋɖɎ ɓɆɏ-ɎɍɉɔɊɓɎɥ ɖɋɆɐɜɎɔɓɋɓ ɕɠɘ ɓɆ ɐɆɘɆɑɎɘɎɝɓɎɘɋ ɘɖɆɓɗɚɔɖɒɆɜɎɎ

Ä ȹɗɑɔɌɓɋɓɎɥ: 

- ȪɋɚɋɐɘɎ Ɏ ɓɋɖɆɈɓɔɗɘɎ ɕɔ ɐɆɘɆɑɎɘɎɝɓɆɘɆ ɕɔɈɠɖɛɓɔɗɘ 

- ȲɓɔɉɔɐɔɒɕɔɓɋɓɘɓɎ ɐɆɘɆɑɎɍɆɘɔɖɎ

- ȳɆɑɎɝɎɋ ɓɆ ɕɖɎɒɋɗɎ ɓɆ ɕɔɈɠɖɛɓɔɗɘɘɆ

Solar, Blanco, Vallone, Sapag , 
Natural Gas 2010, 205 ï244.Wilde, Schauermann , Freund et al.

Angew . Chem. Int. Ed . 47 (2008) 9289
6



77

ȲɔɊɋɑɎɖɆɓɎ ɒɆɘɋɖɎɆɑɎ ɗ ɐɆɘɆɑɎɘɎɝɓɎ ɕɖɎɑɔɌɋɓɎɥ

ȵɖɋɛɔɊɓɎ ɒɋɘɆɑɎ

ȭɋɔɑɎɘɎ

ȲɋɘɆɑɓɎ ɔɐɗɎɊɎ

ȲɋɘɆɑ-ɔɖɉɆɓɎɝɓɎ ɖɋɞɋɘɐɎ (MOF) 
7



ȵɖɋɛɔɊɓɎ ɒɋɘɆɑɎ

https://www.britannica.com/science/transition-metal

Ä͙̉͊ͫͭ;ͤͦ ͊ͨ͘Ά͔͙ͤͤ͡ Ř-͙ͦͪ͋-

͙ͭ͊͡ ό͊ͭͦ͟ ͙͊ͭͦͣ ͙͙͡ ͚͙ͦͤύΣ

͙ͦͭͦ͟ ͙ͣ ͍ͨͦͦ͘͡Ύ͍͊ͭ ͔ͫͤͦ͡

͒͊ ͍ͦͭ͒͊͊ͭ ͙ ͙͔ͨͪͣ͊ͭ ͔͔͟͡-

͙ͭͪͦͤ ͦͭ ͎͙͒ͪͯ ͔͙ͣͦͯ͟͡͡

Ä̉͊ͫͭ ͦͭ ͭΎͻ ͫ͊ ͫ ͍͙ͫͦ͊͟ ͼ͔ͤ͊ ͙

ͫ͊͋ͦ͡ ͔͙ͪ͊ͨͪͦͫͭͪ͊ͤͤ͘ ͍

͙ͨͪͪͦ͒͊ͭ͊
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ȰɆɐ ɒɔɌɋɒ ɊɆ ɓɆɒɆɑɎɒ ɗɐɠɕɎɘɋ ɐɔɒɕɔɓɋɓɘɎ Ɉ 
ɐɆɘɆɑɎɍɆɘɔɖɎɘɋ?

Ä͙͔̅ͦͪͣͪ͊ͤ ͤ͊ ͙͔͙͋ͣͭ͊ͤ͡ ͙͔͙ͫͫͭͣ

Ä˨͍͔ͦ͊͊ͤ͘͟ ͤ͊ ͙͙͊ͭ͊ͭ͟͡;ͤ͊ ͙͍͊ͭͤͦͫͭ͟ ͤ͊ ͙͊ͭͦͣκ͚͙ͦͤ

9

Pt 51 Cu 150

Pt 101 Cu 100

Pt 151 Cu 50

L. Vega , H . A. Aleksandrov , R . Farris , A . Bruix , F. Vi¶es, K. M. Neyman , Mater. Adv. , 2021 , 2, 6589 ï6602

I . Z. Koleva , H. A. Aleksandrov ,
G. N. Vayssilov , ACS Catalysis ,
2023 , 13 , 8, 5358 ï5374

H. A. Aleksandrov , K. M. Neyman , K. I . Hadjiivanov , G. N. Vayssilov

Physical Chemistry Chemical Physics , 2016 , 18 , 22108 -22121



ȲɔɊɋɑ ɓɆ ɒɋɘɆɑɓɆ ɕɔɈɠɖɛɓɔɗɘ

ȲɋɘɆɑɓɆ (111) ɕɔɈɠɖɛɓɔɗɘ

ÄȵɔɊɛɔɊɥɟɎ ɍɆ ɒɔɊɋɑɎɖɆɓɋ ɓɆ ɐɆɘɆɑɎɘɎɝɓɔɘɔ ɕɔɈɋɊɋɓɎɋ ɓɆ ɉɔɑɋɒɎ ɝɆɗɘɎɜɎ
10

Au(011) ɕɔɈɠɖɛɓɔɗɘ



Ȳ13 Ȳ38 Ȳ79 Ȳ140

ɔɇɟɔɕɔɈɠɖɛɓɔɗɘ%
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ȲɔɊɋɑɎ ɓɆ ɒɋɘɆɑɓɎ ɓɆɓɔɝɆɗɘɎɜɎ

Äȵɔ-ɉɔɑɥɒɆ ɚɑɋɐɗɎɇɎɑɓɔɗɘ

ÄȳɎɗɐɔɐɔɔɖɊɎɓɎɖɆɓɎ(ɕɔ-ɖɋɆɐɘɎɈɔɗɕɔɗɔɇɓɎ)

ɜɋɓɘɖɔɈɋ ɓɆ ɕɔɈɠɖɛɓɔɗɘɘɆ

Äȵɔ-ɉɔɑɥɒ ɕɖɔɜɋɓɘ ɆɘɔɒɎ ɓɆ ɕɔɈɠɖɛɓɔɗɘɘɆ 
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ñEffect of MgO(100) support on structure and properties of Pd 

and Pt nanoparticles with 49 -155 atomsò

Sergey M . Kozlov , Hristiyan A. Aleksandrov , Jacek 

Goniakowski , and Konstantin M . Neyman

The Journal of Chemical Physics , 2013 , 139 , 084701.

ȨɍɆɎɒɔɊɋɏɗɘɈɎɋ ɒɋɘɆɑ-ɓɔɗɎɘɋɑ
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ȲɔɊɋɑɎ ɓɆ ɒɋɘɆɑɓɎ ɐɑɠɗɘɋɖɎ ɎɑɎ ɆɘɔɒɎ/ɏɔɓɎ

ÄȨɗɎɝɐɎ ɒɋɘɆɑɓɎ ɜɋɓɘɖɔɈɋ ɗɆ ɊɔɗɘɠɕɓɎ ɍɆ ɖɋɆɐɘɆɓɘɎɘɋ

ÄȽɋɗɘɔ ɕɠɘɎ ɋ ɈɆɌɓɔ ɊɆ ɗɋ ɎɍɗɑɋɊɈɆɘ ɈɍɆɎɒɔɊɋɏɗɘɈɎɥɘɆ ɒɋɘɆɑ-ɓɔɗɎɘɋɑ

Pt8CO Ce21O42 /Pt 8CO Ce21O42 /Pt 2+ CO CeO2/Pt 8(CO) 8
CeO2/Pt 2+ (CO) 2

13

H. A. Aleksandrov , K. M. Neyman , K. I . Hadjiivanov , G. N. Vayssilov , Phys . Chem . Chem . Phys . , 2016 , 18 , 22108 -22121

I . Z. Koleva , H. A. Aleksandrov , G. N. Vayssilov , ACS Catalysis , 2023 , 13 , 8, 5358 ï5374



ȨɍɆɎɒɔɊɋɏɗɘɈɎɋɘɔ ɓɆ ɒɔɓɔɆɘɔɒɓɎɝɆɗɘɎɜɎ (C, ȴ, N, B, S Ɏ Ɋɖ.) ɗ 
ɒɔɊɋɑɎ ɓɆ ɒɋɘɆɑɓɎ ɕɔɈɠɖɛɓɔɗɘɎ Ɏ ɓɆɓɔɝɆɗɘɎɜɎ

ÁȲɔɓɔɆɘɔɒɓɎɝɆɗɘɎɜɎ ɒɔɉɆɘ ɊɆ ɗɋ ɓɆɘɖəɕɈɆɘ ɕɔ 

Ɉɖɋɒɋ ɓɆ ɐɆɘɆɑɎɘɎɝɓɎɘɋ ɕɖɔɜɋɗɎ Ɏ ɊɆ 

ɕɖɔɒɋɓɥɘ ɗɈɔɏɗɘɈɆɘɆ ɓɆ ɐɆɘɆɑɎɍɆɘɔɖɎɘɋ

ÁȨ ɍɆɈɎɗɎɒɔɗɘ ɔɘ ɐɔɓɜɋɓɘɖɆɜɎɥɘɆ ɗɎ ɈɠɉɑɋɖɔɊɠɘ 

ɒɔɌɋ ɊɆ:

- ɔɘɖɔɈɎ ɐɆɘɆɑɎɍɆɘɔɖɎɘɋ (ɕɖɎ ɈɎɗɔɐɎ 

ɐɔɓɜɋɓɘɖɆɜɎɎ) ɕɔɖɆɊɎ ɔɇɖɆɍəɈɆɓɋɘɔ ɓɆ ɐɔɐɗ 

ɓɆ ɕɔɈɠɖɛɓɔɗɘɘɆ - ɇɑɔɐɎɖɆ ɐɆɘɆɑɎɘɎɝɓɎɘɋ 

ɜɋɓɘɖɔɈɋ

- ɕɖɆɈɎ ɐɆɘɆɑɎɍɆɘɔɖɎɘɋ ɕɔ-ɗɋɑɋɐɘɎɈɓɎ, ɓɆɕɖ. 

ɓɆɑɎɝɎɋɘɔ ɓɆ ɕɔɊɕɔɈɠɖɛɓɔɗɘɋɓȷ (ɕɖɎ ɓɎɗɐɎ 

ɐɔɓɜɋɓɘɖɆɜɎɎ) Ɉ Pd ɐɆɘɆɑɎɍɆɘɔɖɎ ɕɔɊɔɇɖɥɈɆ 

ɗɋɑɋɐɘɎɈɓɔɘɔ ɛɎɊɖɔɉɋɓɎɖɆɓɋɓɆ ɆɑɐɎɓɎɊɔ 

ɆɑɐɋɓɎ.
14

subsurface C or N

Products

Organic 
compounds

COx , NO x, NH 3 ,

surface C or N



15

ÁȵɔɊɕɔɈɠɖɛɓɔɗɘɓɎɥɘȷɒɔɌɋɊɆɇɠɊɋɗɘɆɇɎɑɋɓ(ɘɋɖɒɔɊɎɓɆɒɎɝɓɔɎɐɎɓɋɘɎɝɓɔ)

ɓɋɗɆɒɔɈɒɋɘɆɑɎɘɋɔɘɉɖəɕɆ10 (Ni, Pd, Pt), ɓɔɗɠɟɔɎɈɘɋɍɎɔɘɉɖəɕɆ11 (Cu,

Ag, Au) ɓɆɕɋɖɎɔɊɎɝɓɆɘɆɗɎɗɘɋɒɆ

O. Piqu®, I. Z. Koleva , F. Vi¶es, H. A. Aleksandrov , G. N. Vayssilov , F. Illas , Angew . Chem . Int . Ed. 2019, 58, 1744 ï1748. 

ȨɍɆɎɒɔɊɋɏɗɘɈɎɋ ɓɆ ȷ ɗɕɖɋɛɔɊɓɎ ɒɋɘɆɑɎ



ȪɎɗɔɜɎɆɜɎɥ ɓɆ ɒɔɑɋɐəɑɆ N2 ɈɠɖɛəRh79

DE = -10 kJ/mol
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https://genesis.ag/nitrogen - fixation -
soil -health/

ÄȦɍɔɘɚɎɐɗɆɜɎɥ - ɛɎɒɎɝɋɓ ɕɖɔɜɋɗ, ɝɖɋɍ ɐɔɏɘɔ ɒɔɑɋɐəɑɋɓ Ɇɍɔɘ (N2) ɗɋ

ɕɖɋɈɖɠɟɆ Ɉ ɆɍɔɘɓɎ ɗɠɋɊɎɓɋɓɎɥ

ÄȪɎɗɔɜɎɆɜɎɥɘɆ ɓɆ N2 Ɉɠɖɛə ɓɆɓɔɝɆɗɘɎɜɎɓɆ ɓɥɐɔɎ ɕɖɋɛɔɊɓɎ ɒɋɘɆɑɎ

ɋ ɋɓɋɖɉɋɘɎɝɓɔ ɎɍɉɔɊɋɓ ɕɖɔɜɋɗ



ȴɐɎɗɑɋɓɎɋ ɓɆ CO Ɋɔ CO2

https://www.linkedin.com/pulse/emission -control -
gasolinepetrol -engine - three -way -catalytic - tharad

ÄȰɑɤɝɔɈ ɋɘɆɕ ɍɆ ɒɓɔɉɔ ɕɖɔɜɋɗɎ ɗ ɕɖɔɒɎɞɑɋɓɔ

ɕɖɎɑɔɌɋɓɎɋ

- ȷɋɑɋɐɘɎɈɓɔ ɔɐɎɗɑɋɓɎɋ ɓɆ ɕɖɎɒɋɗɎ ɔɘ ȷȴ ɈɠɈH2

- ȰɔɓɈɋɖɗɎɥ ɓɆ ɈɔɊɋɓ ɉɆɍ (H2O Ɏ CO) Ɋɔ H2 Ɏ CO2

- ȵɖɋɈɖɠɟɆɓɋ ɓɆ ɈɖɋɊɓɎɘɋ ɆɈɘɔɒɔɇɎɑɓɎ ɎɍɉɔɖɋɑɎ

ɉɆɍɔɈɋ Ɉ ɇɋɍɈɖɋɊɓɎ

- ȶɋɚɔɖɒɎɓɉɓɆ ɆɑɐɔɛɔɑɎ

Ä Pt/CeO 2 - ɈɎɗɔɐɆ ɐɆɘɆɑɎɘɎɝɓɆ ɆɐɘɎɈɓɔɗɘ ɍɆ

ɔɐɎɗɑɋɓɎɋ ɓɆCO ɕɖɎ ɖɆɍɑɎɝɓɎ ɖɋɆɐɜɎɔɓɓɎ

əɗɑɔɈɎɥ

17



ȴɐɎɗɑɋɓɎɋ ɓɆ ȷȴ Ɉɠɖɛə ɒɔɓɔɥɊɖɋɓɎPt4+ (O) 2 ɝɆɗɘɎɜɎ

IS Pt4+ (O) 2(CO) TS FS Pt2+ (O) + CO 2

Ea= 35 kJ/mol
EFS- IS = - 112 kJ/mol

Ea= 22 kJ/mol
EFS- IS = - 105 kJ/mol

CeO 2 (111)

Ce 21 O42

ɓɆɓɔɝɆɗɘɎɜɆ

I . Z. Koleva , H. A. Aleksandrov , G. N. Vayssilov , ACS Catalysis , 2023 , 13 , 8, 5358 ï5374 18



ȴɐɎɗɑɋɓɎɋ ɓɆ ȷȴ Ɉɠɖɛə Pt8 ɐɑɠɗɘɋɖɎ

IS Pt10 (CO) 9(O) 2

IS Pt8(CO) 7(O) 2

TS

FS Pt8(CO) 6(O)+CO 2

FS Pt10 (CO) 8(O)+CO 2

Ea= 104 kJ/mol
EFS- IS = - 50 kJ/mol

Ea= 70 kJ/mol
EFS- IS = - 122 kJ/mol

TS

I . Z. Koleva , H. A. Aleksandrov , G. N. Vayssilov , ACS Catalysis , 2023 , 13 , 8, 5358 ï5374 19

CeO 2 (111)

Ce 21 O42

ɓɆɓɔɝɆɗɘɎɜɆ



ȲɔɊɋɑɎɖɆɓɋ ɓɆ ɒɋɘɆɑɓɎ ɔɐɗɎɊɎ

Ce21O42
Ce140 O280CeO2(110)

Pt8CeO2(111) Pt34CeO2(111)

Al2O3(100)

Ce13O26 /Al 2O3(100)
20
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ȲɔɊɋɑɎɖɆɓɋ ɓɆ ɒɋɘɆɑɓɎ ɔɐɗɎɊɎ - CeO2

Ä ȷɠɛɖɆɓɋɓɎɋ Ɏ ɔɗɈɔɇɔɌɊɆɈɆɓɋ ɓɆ ɐɎɗɑɔɖɔɊ Ɉ ɍɆɈɎɗɎɒɔɗɘ ɔɘ əɗɑɔɈɎɥɘɆ

Â ȴɘɊɋɑɥɓɋɘɔ ɓɆ ȴ2 ɋ ɕɖɎɊɖəɌɋɓɔ ɔɘ ɖɋɊəɐɜɎɥ ɓɆ ɝɆɗɘ ɔɘ Ce4+ ɏɔɓɎ Ɋɔ Ce3+

Â 2 Ce 3+ ɕɔɑəɝɆɈɆɘ ɕɖɎ ɔɇɖɆɍəɈɆɓɋɘɔ ɓɆ ɈɗɥɐɆ O ɈɆɐɆɓɜɎɥ

CenO2n Ÿ CenO2n -1 + İ O2 (nCe 4+ Ÿ 2 Ce 3+ + (n -2)Ce 4+ )

ȫɑ. ɕɑɠɘɓɔɗɘ ɓɆ ɓɋɗɊɈɔɋɓ 4f 
ɋɑɋɐɘɖɔɓ ɓɆ Ce3+ ɏɔɓɎ

Ä CeO2 ïɐɔɒɕɔɓɋɓɘ Ɉ ɐɆɘɆɑɎɍɆɘɔɖɎɘɋɍɆ: 

Â ɆɈɘɔɒɔɇɎɑɎ, ɕɖɋɔɇɖɆɍəɈɆɓɋ ɓɆ Nȴɛ, ɗɋɑɋɐɘɎɈɓɆ ɐɆɘɆɑɎɘɎɝɓɆ ɖɋɊəɐɜɎɥ, ɔɐɎɗɑɋɓɎɋ ɓɆ

ɗɆɌɊɎ Ɏ ɈɠɉɑɋɈɔɊɔɖɔɊɎ Ɏ Ɋɖ.

Bruix, Migani, Vayssilov, Neyman, Libuda, I llas , PCCP (2011). 21



Ce40 -xZr xO80 Ɏ Ce140 -xZr xO280 ɓɆɓɔɝɆɗɘɎɜɎ

Ce134 Zr 6O280

Ce128 Zr 12O280 Ce70Zr 70O280

Ce139 ZrO 280Ce39ZrO 80

Ä Zr ɕɖɋɊɕɔɝɎɘɆɊɆɍɆɋɒɆɕɔɊɕɔɈɠɖɛɓɔ-

ɗɘɓɎɕɔɍɎɜɎɎ

Ä ȳɆɑɎɝɎɋɘɔɓɆ Zr ɕɔɊɔɇɖɥɈɆɖɋɊəɜɎ-

ɖəɋɒɔɗɘɘɆɓɆCeO2

22I. Z. Koleva , H. A. Aleksandrov , K. M. Neyman , G. N. Vayssilov , 
Phys . Chem . Chem . Phys ., 2020 , 22 , 26568 -26582.



Ä ȵɔɖɋɗɘɎ ɆɑəɒɔɗɎɑɎɐɆɘɎ

Ä 3D ɗɘɖəɐɘəɖɎ ɗ ɐɖɎɗɘɆɑɓɆ ɖɋɞɋɘɐɆ: [SiO 4] Ɏ[AlO 4]

Ä ȴɘɖɎɜɆɘɋɑɋɓ ɍɆɖɥɊ ɕɖɎ [AlO 4] ɐɔɒɕɋɓɗɎɖɆɓ ɔɘ:

Â ȭɋɔɑɎɘɓɎɕɖɔɘɔɓɎH+ (ȧɖɢɔɓɗɘɋɊɔɈɎ ɜɋɓɘɖɔɈɋ)

Â ȲɔɇɎɑɓɎ ɒɋɘɆɑɓɎ ɐɆɘɎɔɓɎMn+ (ȱɤɎɗɔɈɎ ɜɋɓɘɖɔɈɋ)

ȭɋɔɑɎɘɎ

ZSM-5

Al

Al
Si

Si

O

ˮ͍͘Ά͔ͤͪ΄͔ͭΆ;͙ͤ ͙͙͊ͭͦͤ͟ˮ͙͙ͤͦͪͨͦͪͪ͊ͤ͟ ͙͙͊ͭͦͤ͟
23

Nature Materials , 2017 , 16 , 1010 ï1015



Ä CaY ɍɋɔɑɎɘɎɘɋɕɖɎɘɋɌɆɈɆɘɈɎɗɔɐɐɆɕɆɜɎ-

ɘɋɘɍɆɗɔɖɇɜɎɥɓɆCO2 ɕɖɎɘɋɒɕɋɖɆɘəɖɆɓɆ

ɔɐɔɑɓɆɘɆɗɖɋɊɆ

Ä ȨɗɋɐɎCa2+ ɐɆɘɎɔɓɒɔɌɋɊɆɗɋɗɈɠɖɌɋɗ

ɊɈɋɒɔɑɋɐəɑɎCO2 ɕɖɎɔɘɓɔɗɎɘɋɑɓɔɓɎɗɐɔ

ɕɆɖɜɎɆɑɓɔɓɆɑɥɉɆɓɋɎ ɎɒɆɖɋɍɋɖɈɋɓ

ɕɔɘɋɓɜɎɆɑɊɆ ɗɈɠɖɌɋɊɔɕɠɑɓɎɘɋɑɓɆ

ɒɔɑɋɐəɑɆ,ɐɔɉɆɘɔɖɆɈɓɔɈɋɗɓɔɘɔɓɆɑɥɉɆɓɋ

ɗɋəɈɋɑɎɝɎ

ȭɋɔɑɎɘɎɘɋïɗɔɖɇɋɓɘɎɍɆ ɕɆɖɓɎɐɔɈɎ ɉɆɍɔɈɋ

- 22912294

2298

3˄(13CO2)

Ca2+--O=C=O

Ca2+(CO2)2 Ca2+(CO2)3,˄ cm-1

N. L. Drenchev , E . Z. Ivanova, M . Y. Mihaylov , H . A. Aleksandrov , G . N. Vayssilov , K . I. Hadjiivanov , J. Phys. Chem. Lett. , 2023 , 
14 , 6, 1564 ï1569 24



ȭɋɔɑɎɘɎɘɋïɐɆɘɆɑɎɍɆɘɔɖɎ ɕɖɎ ɈɆɌɓɎ ɍɆ 
ɎɓɊəɗɘɖɎɥɘɆ Ɏ ɔɐɔɑɓɆɘɆ ɗɖɋɊɆ ɕɖɔɜɋɗɎ

Ä ȭɆɒɠɖɗɥɈɆɓɋɘɔɓɆɈɠɍɊəɛɆɋɋɊɎɓɔɘɔɗɓɔɈɓɎɘɋɕɖɔɇɑɋɒɎɍɆɍɊɖɆɈɋɘɔɎ

ɔɐɔɑɓɆɘɆɗɖɋɊɆ

Ä ɺʣʦʰʝʥʦʪʦʢʘʯʝʩʪʚʦʥʘʚʲʟʜʫʭʘʩʝʜʲʣʞʠʜʦʛʦʣʷʤʘʩʪʝʧʝʥʥʘʪʦʢʩʠʯʥʠʷʛʘʟʘʟʦʪʝʥ

ʦʢʩʠʜ(NO) - ʙʣʠʟʦ55% ʦʪʛʣʦʙʘʣʥʠʪʝʝʤʠʩʠʠʩʝʜʲʣʞʘʪʥʘʠʟʛʦʨʝʣʠʪʝʛʘʟʦʚʝʦʪ

ʪʨʘʥʩʧʦʨʪʘ

https://www.climateandweather.net/world-weather/acid-rain/

Ä ʅʷʢʦʠ ʟʝʦʣʠʪʠʤʦʛʘʪ ʜʘ ʧʨʝʚʲʨʥʘʪNO ʚN2ʚ ʧʨʠʩʲʩʪʚʠʝ ʥʘ 

ʘʤʦʥʷʢ(SCR):

NO+/Zeolite + NH3Ÿ H
+/Zeolite + N2 + H2O

Ä ɼʝʪʘʡʣʥʠʷʪʤʝʭʘʥʠʟʲʤʥʘʨʝʜʫʢʮʠʷʥʘNO ʜʦN2 ʦʩʪʘʚʘ

ʥʝʠʟʚʝʩʪʝʥ

25



ȨɍɆɎɒɔɊɋɏɗɘɈɎɋ ɓɆ NO+/CHA ɗ NH3 ïɕɖɥɐɔ əɝɆɗɘɎɋ ɓɆ ɍɋɔɑɎɘɆ

K. Khivantsev , J.-H. Kwak, N. R. Jaegers, I . Z. Koleva , G. N. Vayssilov , M. A. Derewinski , Y. Wang,

H. A. Aleksandrov , J. Szanyi , Chemical Science , 2022 , 13 , 10383 -10394 .

Ä ȧɆɖɎɋɖɎɘɋɗɆɒɓɔɉɔɓɎɗɐɎ(ɕɔɊ20

kJ/ mol ) - ɖɋɆɐɜɎɥɘɆɒɔɌɋɊɆɕɖɔɘɋɝɋ

ɕɖɎɒɓɔɉɔɓɎɗɐɎɘɋɒɕɋɖɆɘəɖɎɈ

ɗɠɔɘɈɋɘɗɘɈɎɋɗ ɋɐɗɕɋɖɎɒɋɓɘɆɑɓɎɘɋ

ɖɋɍəɑɘɆɘɎ

Ä ȨɠɍɒɔɌɓɎɒɋɌɊɎɓɓɎɕɖɔɊəɐɘɎ:

ɓɎɘɖɔɍɆɒɎɓ (NH 2NO),

ɛɎɊɖɔɐɗɎɊɎɆɍɋɓ(HN=NOH) Ɏ NNH+

ɐɆɘɎɔɓɎ
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