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ȏȹȵȽȹȻȼȵȫ ȯȳȼȰȻȽȫɁȳɒȫ ɒȰ ȾȻȫɌȰȸȫ ȸȫ ȟȫȵȾȶȽȰȽȾ Ȳȫ ȿȳȲȳɂȵȾ ɀȰȷȳɒȾ ȞȸȳȭȰȻȲȳȽȰȽȫ Ⱦ ȌȰȹȮȻȫȯȾ. 
șȮȻȹȷȫȸ ȬȻȹɒ ȻȫɂȾȸȫ ȺȹȽȻȰȬȫȸ Ȳȫ ȳȲȻȫȯȾ Ȼȫȯȫ ȸȰ Ȭȳ Ȭȳȹ ȹȼȽȭȫȻȳȭ ȬȰȲ ȵȹȷȺɒȾȽȫɁȳȹȸȳɀ ȻȰȼȾȻȼȫ 
ȹȷȹȮȾɕȰȸȳɀ ȹȯ ȼȽȻȫȸȰ Swedish National Infrastructure for Computing, ȵȻȹȲ ȺȻȹɒȰȵȫȽ Catalysis by 
metal clusters supported by complex oxide substrates, Ȳȫ ɃȽȫ ȼȫȷ Ȳȫɀȭȫȶȫȸ ȳ ȺȻȹȿ. ȯȻ ȘȫȽȫȶȳɒȳ 
ȜȵȹȻȹȯȾȷȹȭȹɒ, ȻȾȵȹȭȹȯȳȹɁȾ ȹȭȹȮ ȺȻȹɒȰȵȫȽȫ. ȘȰȳȲȷȰȻȸȾ ȲȫɀȭȫȶȸȹȼȽ Ȳȫ ȼȭȰ ȸȫȾɂȰȸȹ Ⱦ ȽȹȵȾ Ȼȫȯȫ, ȵȫȹ 
ȳ ȳȸȼȺȳȻȫɁȳɒȾ, Ⱥȹȷȹɕ ȳ ȼȽȻȺɓȰɔȰ Ⱦ ȽȹȵȾ ȳȲȻȫȯȰ ȳȼȽȹȮ ȯȾȮȾɒȰȷ ȼȭȹȷ ȷȰȸȽȹȻȾ, ȺȻȹȿ. ȯȻ ȓȮȹȻȾ 
ȚȫɃȽȳɒȾ, ȵȫȹ ȳ ȯȻȫȮȳȷ ȵȹȶȰȮȫȷȫ ȳ ȺȻȳɒȫȽȰɓȳȷȫ ȳȲ 358.  

Ȓȫ ȼȭȰ ȵȹɒȳ ȼȾ ȷȰ ȳȸȼȺȳȻȳȼȫȶȳ, Ȳȫ ȼȭȰ ȵȹɒȳ ȼȾ ȷȰ ȮȾȻȫȶȳ ȯȫɓȰ ȵȫȯ ȳ ȼȫȷ ȸȳȼȫȷ ȷȳȼȶȳȹ ȯȫ ȷȹȮȾ, Ȳȫ 
ȼȭȰ ȵȹɒȳ ȼȾ ȳȷȫȶȳ ȼȽȻȺɓȰɔȫ ȳ ȺȻȹȭȰȶȳ ȸȰȬȻȹɒȰȸȰ ȷȳȸȾȽȰ ȳȶȳ ȮȹȯȳȸȰ ɂȰȵȫɒȾɕȳ ȷȰ, Ȳȫ ȼȭȰ ɂȶȫȸȹȭȰ 
ȼȭȹɒȰ ȺȹȻȹȯȳɁȰ ȳ ȹȸȰ ȵȹɒȰ ȬȰȼȺȹȮȹȭȹȻȸȹ ȾȬȻȫɒȫȷ Ⱦ ȳȼȽȾ ð  ɀȭȫȶȫ ȭȫȷ.  

 

  



 
 
 

ȝȰȹȻȳɒȼȵȫ ȫȸȫȶȳȲȫ ȳȸȽȰȻȫȵɁȳɒȰ ȮȻȫȿȰȸȫ ȼȫ ȰȶȰȷȰȸȽȳȷȫ ȹȯ ȺȻȭȰ ȯȹ ɃȰȼȽȰ ȺȰȻȳȹȯȰ 
ȺȰȻȳȹȯȸȹȮ ȼȳȼȽȰȷȫ ȳ ȷȹȶȰȵȾȶȼȵȳȷ ȭȻȼȽȫȷȫ ȹȯ Ȳȸȫɂȫɒȫ Ⱦ ȰȶȰȵȽȻȹȵȫȽȫȶȳȲȳ 

 

ȜȫȱȰȽȫȵ  

Ȟ ȹȵȭȳȻȾ ȹȭȹȮ Ȼȫȯȫ ȳȼȺȳȽȫȸȫ ɒȰ ȻȰȫȵȽȳȭȸȹȼȽ ɂȳȼȽȹȮ ȮȻȫȿȰȸȫ, ȳ ȮȻȫȿȰȸȫ ȷȹȯȳȿȳȵȹȭȫȸȹȮ 
ȯȹȺȳȻȫɔȰȷ ȳ ȯȰȿȰȵȽȳȷȫ. ȘȫȺȻȫȭɓȰȸȫ ɒȰ ȵȹȷȺȶȰȽȸȫ ȬȫȲȫ ȺȹȯȫȽȫȵȫ ȹ ȫȯȼȹȻȺɁȳɒȳ ȫȽȹȷȼȵȳɀ ȭȻȼȽȫ 
ȸȫ ɂȳȼȽ ȮȻȫȿȰȸ Ȳȫ ȰȶȰȷȰȸȽȰ ȚȰȻȳȹȯȸȹȮ ȼȳȼȽȰȷȫ ȰȶȰȷȰȸȫȽȫ (ȚȜȐ) ȯȹ ȫȽȹȷȼȵȹȮ ȬȻȹɒȫ 86 
(ȳȲȾȲȳȷȫɒȾɕȳ ȶȫȸȽȫȸȳȯȰ), ȵȹȻȳȼȽȰɕȳ ȺȻȳȼȽȾȺ ȬȫȲȳȻȫȸ ȸȫ ȝȰȹȻȳɒȳ ȿȾȸȵɁȳȹȸȫȶȫ ȮȾȼȽȳȸȰ (DFT) ȼȫ 
ȵȹȻȰȵɁȳɒȹȷ ȸȫ ȯȳȼȺȰȻȲȳȹȸȰ ȼȳȶȰ. ȏȳȼȺȰȻȲȳȹȸȰ ȼȳȶȰ ȯȫɒȾ ȭȰȶȳȵȳ ȯȹȺȻȳȸȹȼ ȳȸȽȰȻȫȵɁȳɒȳ 
ȹȯȻȰɌȰȸȳɀ ȫȽȹȷȼȵȳɀ ȭȻȼȽȫ ȼȫ ɂȳȼȽȳȷ ȮȻȫȿȰȸȹȷ, ȼ ȹȬȲȳȻȹȷ ȸȫ ɀȰȷȳɒȼȵȾ ȳȸȰȻȽȸȹȼȽ ȺȹȭȻɃȳȸȰ. 
ȗȹȸȹȭȫȵȫȸɁȳɒȫ (M@VG) ɒȰ ȳȼȺȳȽȫȸȫ ȸȫ ȼȶȳɂȫȸ ȸȫɂȳȸ ȵȫȹ ȳ ɂȳȼȽ ȮȻȫȿȰȸ, ȹȬȾɀȭȫȽȫɒȾɕȳ ȳȼȽȰ 
ȰȶȰȷȰȸȽȰ ȳȲ ȺȻȭȳɀ ɃȰȼȽ ȺȰȻȳȹȯȫ ȚȜȐ. ȍȰɕȳȸȫ ȰȶȰȷȰȸȫȽȫ ȼȰ ȻȰȶȫȽȳȭȸȹ ɒȫȵȹ ȭȰȲȾɒȰ ȸȫ ȭȫȵȫȸɁȳɒȾ, 
ȯȹȵ ȼȰ ȰȶȰȷȰȸȽȳ 11. ȳ 12. ȮȻȾȺȰ, ȵȫȹ ȳ ȺȶȰȷȰȸȳȽȳ Ȯȫȼȹȭȳ, ȭȰȲȾɒȾ ȺȻȰȽȰȱȸȹ ȯȳȼȺȰȻȲȳȹȸȳȷ ȼȳȶȫȷȫ. 
Ȅȫɂȳȸȫ ȫȯȼȹȻȺɁȳɒȰ ȵȹȻȰȶȳȻȫ ȼȫ ȵȹɀȰȲȳȹȸȹȷ ȰȸȰȻȮȳɒȹȷ ȰȶȰȷȰȸȫȽȫ Ⱦ ɂȳȼȽȹɒ ȿȫȲȳ. ȚȻȹɁȰɔȰȸ ɒȰ 
ȺȹȽȰȸɁȳɒȫȶ Ȳȫ ȻȫȼȽȭȫȻȫɔȰ, ȺȻȳ ɂȰȷȾ ɒȰ ȾȽȭȻɌȰȸȹ ȯȫ ȷȰȽȫȶȳ ȫȯȼȹȻȬȹȭȫȸȳ ȸȫ ȭȫȵȫȸɁȳɒȳ ȷȹȮȾ ȬȳȽȳ 
ăȺȶȰȷȰȸȳȽȳɒȳó ȸȰȮȹ Ⱦ ȼȭȹɒȳȷ ɂȳȼȽȳȷ ȿȫȲȫȷȫ. ȕȫȽȫȶȳȲȫȽȹȻȳ ȸȫ ȸȳȭȹȾ ȺȹɒȰȯȳȸȫɂȸȳɀ ȫȽȹȷȫ 
ȺȻȰȯȼȽȫȭɓȫɒȾ ȸȫɒȭȳɃȳ ȼȽȰȺȰȸ ȳȼȵȹȻȳɃɕȰɔȫ ȵȫȽȫȶȳȲȫȽȹȻȫ. ȓȼȺȳȽȫȸȳ ȼȾ ȷȹȯȰȶȳ ȸȫȺȻȫȭɓȰȸȳ ȹȯ 
ȯȰȭȰȽ ȷȰȽȫȶȫ (Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt ȳ Au) ȸȫ ɂȰȽȳȻȳ ȻȫȲȶȳɂȳȽȰ ȺȹȯȶȹȮȰ (PG ð ȳȯȰȫȶȫȸ 
ȮȻȫȿȰȸ, NDG ð ȮȻȫȿȰȸ ȯȹȺȳȻȫȸ ȫȲȹȽȹȷ, ȍDG ð ȮȻȫȿȰȸ ȯȹȺȳȻȫȸ ȬȹȻȹȷ, ȳ VG ð ȮȻȫȿȰȸ ȼȫ 
ȷȹȸȹȭȫȵȫȸɁȳɒȹȷ). Ȝȫȷȹ M@VG ȼȳȼȽȰȷȳ ȼȾ ȹȼȽȫȶȳ ȼȽȫȬȳȶȸȳ ȺȻȹȽȳȭ ȫȮȻȰȮȫɁȳɒȰ ȳ ȻȫȼȽȭȫȻȫɔȫ. 
ȚȻȹɁȰȸȫ ȻȰȫȵȽȳȭȸȹȼȽȳ ȫȽȹȷȼȵȳɀ ȳ ȷȹȶȰȵȾȶȼȵȳɀ ȫȯȼȹȻȬȫȽȫ ȺȻȰȷȫ ȺȹɒȰȯȳȸȫɂȸȳȷ ȫȽȹȷȳȷȫ Ⱦ 
ȭȫȵȫȸɁȳɒȳ ȹȽȵȻȳȶȫ ɒȰ ȻȰȶȫɁȳɒȰ ȼȵȫȶȳȻȫɔȫ ȳȲȷȰɌȾ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȼȵȳɀ ȭȻȼȽȫ ȳ ɔȳɀȹȭȳɀ 
ȷȹȶȰȵȾȶȼȵȳɀ ȫȸȫȶȹȮȫ. Ȝȶȳɂȸȹ ȼȵȫȶȳȻȫɔȰ ȾȹɂȰȸȹ ɒȰ ȳȲȷȰɌȾ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȫ ȳ ȷȹȶȰȵȾȶȫ 
ȸȫ ȺȹɒȰȯȳȸȫɂȸȳȷ ȫȯȼȹȻȬȹȭȫȸȳȷ ȷȰȽȫȶȳȷȫ ȸȫ PG, NDG ȳ BDG, ɃȽȹ ȼȰ ȺȻȳȺȳȼȾɒȰ ɔȳɀȹȭȹɒ 
ȼȶȳɂȸȹɒ ȰȶȰȵȽȻȹȸȼȵȹɒ ȼȽȻȾȵȽȾȻȳ. ȋȸȫȶȳȲȫ ȻȰȫȵɁȳɒȰ ȰȭȹȶȾɁȳɒȰ ȭȹȯȹȸȳȵȫ ȺȹȵȫȲȫȶȫ ɒȰ ȯȫ ȼȫȷȹ 
M@VG ȼȳȼȽȰȷȳ ȹȼȽȫɒȾ ȼȽȫȬȳȶȸȳ Ⱦ ɒȫȵȹ ȵȳȼȰȶȳȷ Ⱦȼȶȹȭȳȷȫ. ȓȼȺȳȽȫȸȫ ɒȰ ȻȰȫȵȽȳȭȸȹȼȽ ȜȽȹȾȸ-ȍȰɒȶȼ  
(SW) ȯȰȿȰȵȽȫ, ȿȹȵȾȼȳȻȫɒȾɕȳ ȼȰ ȸȫ ȺȻȭȰ ȽȻȳ ȺȰȻȳȹȯȰ ȺȰȻȳȹȯȸȹȮ ȼȳȼȽȰȷȫ, ȵȫȹ ȳ ȹȯȫȬȻȫȸȰ 
ȺȻȰȶȫȲȸȰ ȷȰȽȫȶȰ. SW ȯȰȿȰȵȽ ȹɒȫɂȫȭȫ ȭȰȲȳȭȫɔȰ ȫȯȼȹȻȬȫȽȫ Ⱦ ȺȹȻȰɌȰɔȾ ȼȫ PG. ȋȸȫȶȳȲȳȻȫȸ ɒȰ ȾȽȳɁȫɒ 
ȷȰɀȫȸȳɂȵȹȮ ȸȫȺȻȰȲȫɔȫ ȺȹȭȻɃȳȸȫ ȸȫ ɔȳɀȹȭȾ ȻȰȫȵȽȳȭȸȹȼȽȳ. ȘȫȷȰȽȫɔȰ ȸȫȺȻȰȲȫɔȫ ȭȹȯȳ ɒȫɂȰȷ 
ȭȰȲȳȭȫɔȾ, Ⱦ ȸȰȵȳȷ ȼȶȾɂȫɒȰȭȳȷȫ ȯȹȭȹȯȰɕȳ ȯȹ ȼȽȻȾȵȽȾȻȸȰ ȻȰȹȻȮȫȸȳȲȫɁȳɒȰ ȳ ȳȸȽȰȮȻȫɁȳɒȰ 
ȫȯȼȹȻȬȹȭȫȸȳɀ ȫȽȹȷȫ Ⱦ ȻȰɃȰȽȵȾ, ɂȳȷȰ ȼȰ ȸȫȻȾɃȫȭȫ SW ȯȰȿȰȵȽ. șȭȳ ȻȰȲȾȶȽȫȽȳ ȸȫȮȶȫɃȫȭȫɒȾ ȯȭȹɒȫȵȾ 
ȾȶȹȮȾ ȯȰȿȰȵȫȽȫ ȳ ȷȰɀȫȸȳɂȵȰ ȯȰȿȹȻȷȫɁȳɒȰ Ⱦ ȷȹȯȾȶȫɁȳɒȳ ȻȰȫȵȽȳȭȸȹȼȽȳ ȮȻȫȿȰȸȫ. 

 

ȕɓȾɂȸȰ ȻȰɂȳ:  ȮȻȫȿȰȸ, ȯȰȿȰȵȽȳ, ȰȶȰȵȽȻȹȵȫȽȫȶȳȲȫ, ȵȹȸȭȰȻȲȳɒȫ ȰȸȰȻȮȳɒȰ, ȽȰȹȻȳɒȫ ȿȾȸȵɁȳȹȸȫȶȫ 
ȮȾȼȽȳȸȰ, ɒȰȯȸȹȫȽȹȷȼȵȳ ȵȫȽȫȶȳȲȫȽȹȻȳ 

 

ȘȫȾɂȸȫ ȹȬȶȫȼȽ: ȿȳȲȳɂȵȫ ɀȰȷȳɒȫ   

 

Ȟȱȫ ȸȫȾɂȸȫ ȹȬȶȫȼȽ: ȿȳȲȳɂȵȫ ɀȰȷȳɒȫ ð ɀȰȷȳɒȼȵȫ ȽȰȻȷȹȯȳȸȫȷȳȵȫ, ȷȫȽȰȻȳɒȫȶȳ. 

 

 

  



 
 
 

Theoretical analysis of the interaction of graphene with elements from the first to the sixth 
period of the periodic table and electrocatalyticaly significant molecular species 

 

Abstract 

In this work, the reactivity of pristine graphene and graphene surfaces modified by doping and defects 
was investigated. A comprehensive database was created on the adsorption of atoms on pristine 
graphene for the elements of the Periodic Table up to atomic number 86 (excluding lanthanides), using 
a Density Functional Theory (DFT)-based approach with dispersion force corrections. Dispersion 
forces provide a significant contribution to the interaction of some atomic species with pristine 
graphene, due to its chemically inert surface. Monovacancy systems (M@VG) were examined in a 
similar manner as pristine graphene, covering the same elements from the first six periods of the 
Periodic Table. Most elements bind relativevly strongly to the vacancy, while group 11 and 12 elements 
and noble gases predominantly bind through dispersion forces. The adsorption strength correlates with 
the cohesive energy of the elements in their pure phases. The dissolution potential was assessed, 
showing that metals adsorbed on vacancies can become ònobleró than in their bulk phases. Single-atom 
catalysts represent the highest degree of catalyst utilization. Models were studied comprising nine 
metals (Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt, and Au) on four different substrates (PG ð pristine graphene, 
NDG ð nitrogen-doped graphene, BDG ð boron-doped graphene, and VG ð graphene with a 
vacancy). Only M@VG systems remained stable against aggregation and dissolution. The reactivity of 
atomic and molecular adsorbates towards single metal atoms in the vacancy was evaluated, revealing 
scaling relationships between the adsorption energies of atomic species and their molecular analogues. 
Similar scaling was observed between the adsorption energies of atoms and molecules on individual 
metal atoms supported on PG, NDG, and BDG, which is attributed to their similar electronic 
structure. Analysis of the hydrogen evolution reaction showed that only M@VG systems remain stable 
under highly acidic conditions. The reactivity of the Stone-Wales (SW) defect was investigated, focusing 
on the first three periods of the Periodic Table as well as selected transition metals. The SW defect 
enhances adsorbate binding compared to PG. The influence of mechanical strain on reactivity was 
analyzed. Imposing strain leads to stronger binding, in some cases leading to structural reorganization 
and integration of adsorbed atoms into the lattice, thereby disrupting the SW defect. These results 
highlight the dual role of defects and mechanical deformation in modulating graphene reactivity. 
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1. Ȟȭȹȯ 

 Ȟ Ⱦȭȹȯȸȹȷ ȯȰȶȾ ȬȳɕȰ ȾȵȻȫȽȵȹ ȹȺȳȼȫȸȫ ȺȻȳȷȰȸȫ ȾȮɓȰȸȳɂȸȳɀ ȷȫȽȰȻȳɒȫȶȫ, ȼȫ ȮȻȫȿȰȸȹȷ ȵȫȹ 

ȹȼȸȹȭȸȹȷ ȮȻȫȯȳȭȸȹȷ ɒȰȯȳȸȳɁȹȷ, Ⱦ ȰȶȰȵȽȻȹȵȫȽȫȶȳȲȳ, ȫ ȸȫȵȹȸ ȽȹȮȫ ȬȳɕȰ ȹȺȳȼȫȸȳ ȽȳȺȹȭȳ ȯȰȿȰȵȫȽȫ 

Ⱦ ȮȻȫȿȰȸȫ. ȚȹȽȹȷ ɕȰ ȾȵȻȫȽȵȹ ȬȳȽȳ ȳȲȶȹȱȰȸȰ ȹȼȸȹȭȰ ȝȰȹȻȳɒȰ ȿȾȸȵɁȳȹȸȫȶȫ ȮȾȼȽȳȸȰ (ȰȸȮȶ. density 

functional theory, DFT), ȵȫȹ ȹȼȸȹȭȸȹȮ ȫȶȫȽȫ ȵȹȻȳɃɕȰȸȹȮ Ⱦ ȹȭȹȷ ȻȫȯȾ. Ȓȫ ȼȭȫȵȳ ȹȯ ȻȫȲȷȫȽȻȫȸȳɀ 

ȼȳȼȽȰȷȫ Ⱦ ȹȵȭȳȻȾ ȹȭȹȮ Ȼȫȯȫ, ȬȳɕȰ ȯȫȽȹ ȯȹȯȫȽȸȹ Ⱦȭȹȯȸȹ ȻȫȲȷȫȽȻȫɔȰ ȺȻȰ ȺȻȰȯȼȽȫȭɓȫɔȫ ȯȹȬȳɒȰȸȳɀ 

ȻȰȲȾȶȽȫȽȫ. 

1.1. ȞȮɓȰȸȳɂȸȳ ȷȫȽȰȻȳɒȫȶȳ Ⱦ ȰȶȰȵȽȻȹȵȫȽȫȶȳȲȳ 

ȞȮɓȰȸȳɂȸȳ ȷȫȽȰȻȳɒȫȶȳ ȼȾ ȼȽȰȵȶȳ ȲȸȫɂȫɒȸȾ ȺȫȱɔȾ Ⱦ ȹȬȶȫȼȽȳ ȰȶȰȵȽȻȹȵȫȽȫȶȳȲȰ ȲȬȹȮ ȼȭȹɒȰ 

ȭȳȼȹȵȰ ȺȻȹȭȹȯɓȳȭȹȼȽȳ, ȭȳȼȹȵȰ ȼȺȰɁȳȿȳɂȸȰ ȺȹȭȻɃȳȸȰ, ɀȰȷȳɒȼȵȰ ȼȽȫȬȳȶȸȹȼȽȳ ȳ ȷȹȮȾɕȸȹȼȽȳ 

ȷȹȯȳȿȳȵȫɁȳɒȰ [1,2]. ȚȹȽȻȫȮȫ Ȳȫ ȹȯȻȱȳȭȳȷ ȰȸȰȻȮȰȽȼȵȳȷ ȽȰɀȸȹȶȹȮȳɒȫȷȫ Ȳȫȭȳȼȳ ȹȯ Ȱȿȳȵȫȼȸȳɀ 

ȰȶȰȵȽȻȹȵȫȽȫȶȳȲȫȽȹȻȫ Ȳȫ ȵɓȾɂȸȰ ȻȰȫȵɁȳɒȰ ȺȹȺȾȽ ȻȰȯȾȵɁȳɒȰ ȵȳȼȰȹȸȳȵȫ (ȰȸȮȶ. șxygen Reduction 

Reaction, ORR), ȰȭȹȶȾɁȳɒȰ ȭȹȯȹȸȳȵȫ (ȰȸȮȶ. Hydrogen Evolution Reaction, HER) ȳ ȰȭȹȶȾɁȳɒȰ 

ȵȳȼȰȹȸȳȵȫ (ȰȸȮȶ. Oxygen Evolution Reaction, OER). ȏȰɁȰȸȳɒȫȷȫ ȼȾ ȺȶȰȷȰȸȳȽȳ ȷȰȽȫȶȳ ȺȹȺȾȽ 

ȺȶȫȽȳȸȰ ȳ ȳȻȳȯȳɒȾȷ-ȹȵȼȳȯȫ ȯȹȷȳȸȳȻȫȶȳ ȹȭȹȷ ȹȬȶȫɃɕȾ, ȫȶȳ ɔȳɀȹȭȫ ȹȼȵȾȯȸȹȼȽ, ȭȳȼȹȵȫ ɁȰȸȫ ȳ 

ȺȹȯȶȹȱȸȹȼȽ ȵȫȽȫȶȳȽȳɂȵȹȷ ȽȻȹȭȫɔȾ ȺȹȯȼȽȫȵȶȳ ȼȾ ȾȼȷȰȻȫȭȫɔȰ ȳȼȽȻȫȱȳȭȫɔȫ ȵȫ ȷȫȽȰȻȳɒȫȶȳȷȫ ȸȫ 

ȬȫȲȳ ȾȮɓȰȸȳȵȫ. șȭȳ ȷȫȽȰȻȳɒȫȶȳ ȺȻȰȯȼȽȫȭɓȫɒȾ ȹȯȶȳɂȸȾ ȺȶȫȽȿȹȻȷȾ Ȳȫ ȻȫȲȭȹɒ ȸȹȭȳɀ 

ȰȶȰȵȽȻȹȵȫȽȫȶȳȽȳɂȵȳɀ ȼȳȼȽȰȷȫ, ȵȹɒȳ ȼȾ ȵɓȾɂȸȳ Ȳȫ Ȱȿȳȵȫȼȫȸ Ȼȫȯ ȮȹȻȳȭȸȳɀ ɕȰȶȳɒȫ, ȷȰȽȫȶ-ȭȫȲȯȾɀ 

ȬȫȽȰȻȳɒȫ, ȰȶȰȵȽȻȹȶȳȲȰȻȫ, ȳ ȯȻȾȮȳɀ ȰȶȰȵȽȻȹɀȰȷȳɒȼȵȳɀ ȼȳȼȽȰȷȫ. șȯ ȮȻȫȿȰȸȫ ȯȹ ȾȮɓȰȸȳɂȸȳɀ 

ȸȫȸȹɁȰȭȳ (ȰȸȮȶ. carbon nanotubes, CNT), ȼȭȰȼȽȻȫȸȹȼȽ ȳ ȯȹȼȽȾȺȸȹȼȽ ȾȮɓȰȸȳȵȫ ɂȳȸȰ Ȯȫ ȽȰȷȰɓȰȷ 

ȸȹȭȰ ȮȰȸȰȻȫɁȳɒȰ ȰȶȰȵȽȻȹȵȫȽȫȶȳȲȫȽȹȻȫ. ȚȹȼȽȹɒȳ ȸȳȲ ȷȰȽȹȯȫ Ȳȫ ȼȳȸȽȰȲȾ ȾȮɓȰȸȳɂȸȳɀ ȷȫȽȰȻȳɒȫȶȫ, 

ȷȰɌȾ ȵȹɒȳȷȫ ȼȾ ȸȫɒɂȰɃɕȰ ȵȹȻȳɃɕȰȸȰ ȺȳȻȹȶȳȲȫ ȹȻȮȫȸȼȵȳɀ ȺȻȰȵȾȻȼȹȻȫ Ȳȫ ȯȹȬȳɒȫɔȰ ȾȮɓȰȸȳɂȸȳɀ 

ȺȻȫɀȹȭȫ [3] ȳ ɀȰȷȳɒȼȵȫ ȯȰȺȹȲȳɁȳɒȫ ȳȲ ȺȫȻȰ Ȳȫ ȼȳȸȽȰȲȾ ȮȻȫȿȰȸȫ [4]. ȚȹȼȰȬȸȫ Ⱥȫȱɔȫ ȼȰ ȺȹȼȭȰɕȾɒȰ 

ȺȹȭȻɃȳȸȼȵȹɒ ȷȹȯȳȿȳȵȫɁȳɒȳ, ȵȹɒȫ ȾȵɓȾɂȾɒȰ ȾȭȹɌȰɔȰ ȿȾȸȵɁȳȹȸȫȶȸȳɀ ȮȻȾȺȫ, ȵȫȹ ȳ ȳȸȽȰȮȻȫɁȳɒȾ 

ȷȰȽȫȶȸȳɀ ȸȫȸȹɂȰȼȽȳɁȫ [5,6]. șȭȰ ȷȹȯȳȿȳȵȫɁȳɒȰ ȷȹȮȾ ȼȰ ȾȼȷȰȻȳȽȳ ȸȫ ȺȹȬȹɓɃȫȭȫɔȰ 

ȺȻȹȭȹȯɓȳȭȹȼȽȳ ȷȫȽȰȻȳɒȫȶȫ ȳȶȳ ȸȫ ȰȿȳȵȫȼȸȳɒȾ ȫȯȼȹȻȺɁȳɒȾ ȻȰȫȵȽȫȸȫȽȫ, ɃȽȹ ɒȰ ȹȯ ȼȾɃȽȳȸȼȵȰ 

ȭȫȱȸȹȼȽȳ Ȳȫ ȰȶȰȵȽȻȹȵȫȽȫȶȳȽȳɂȵȾ ȫȵȽȳȭȸȹȼȽ.  

ȐȶȰȵȽȻȹȵȫȽȫȶȳȽȳɂȵȰ ȼȺȹȼȹȬȸȹȼȽȳ ȾȮɓȰȸȳȵȫ ȺȻȹȳȼȽȳɂȾ ȳȲ ɔȰȮȹȭȰ ȼȽȻȾȵȽȾȻȸȰ ȳ 
ȰȶȰȵȽȻȹȸȼȵȰ ȺȻȳȶȫȮȹȯɓȳȭȹȼȽȳ. ȢȳȼȽ ȮȻȫȿȰȸ ɒȰ ɀȰȷȳɒȼȵȳ ȳȸȰȻȽȫȸ, ȳ ȳȸȽȰȻȫȵɁȳɒȫ ȼȫ ȯȻȾȮȳȷ 
ɀȰȷȳɒȼȵȳȷ ȭȻȼȽȫȷȫ ɒȰ ȻȰȶȫȽȳȭȸȹ ȼȶȫȬȫ [6,7]. ȓ ȺȹȻȰȯ ȽȹȮȫ, ȬȹɓȰ ȻȫȲȾȷȰȭȫɔȰ ȻȰȫȵȽȳȭȸȹȼȽȳ 
ȮȻȫȿȰȸȫ Ȭȳ ȼȭȫȵȫȵȹ Ȭȳȶȹ ȵȹȻȳȼȸȹ Ȳȫ ȷȸȹɃȽȭȹ ȺȹȽȰȸɁȳɒȫȶȸȳɀ ȺȻȳȷȰȸȫ, ȵȫȵȹ ȮȻȫȿȰȸȫ Ƚȫȵȹ ȳ 
ȯȻȾȮȳɀ ȾȮɓȰȸȳɂȸȳɀ ȷȫȽȰȻȳɒȫȶȫ. ȞȭȹɌȰɔȰ ȯȰȿȰȵȫȽȫ ȳ ȯȹȺȫȸȫȽȫ ȺȻȰȽȭȫȻȫ ȹȭȫɒ ȻȰȶȫȽȳȭȸȹ ȳȸȰȻȽȫȸ 
ȷȫȽȰȻȳɒȫȶ Ⱦ ȫȵȽȳȭȸȹȮ ȾɂȰȼȸȳȵȫ ȵȫȽȫȶȳȽȳɂȵȹȮ ȺȻȹɁȰȼȫ. Șȫ ȺȻȳȷȰȻ, ȯȹȺȳȻȫɔȰ ȫȲȹȽȹȷ ȷȰɔȫ 
ȻȫȼȺȹȯȰȶȾ ȸȫȰȶȰȵȽȻȳȼȫɔȫ, ȼȽȭȫȻȫɒȾɕȳ ȷȰȼȽȫ ȬȹȮȫȽȫ ȰȶȰȵȽȻȹȸȳȷȫ ȵȹɒȫ ȼȽȫȬȳȶȳȲȾɒȾ ȻȰȫȵɁȳȹȸȰ 
ȳȸȽȰȻȷȰȯȳɒȰȻȰ. Ȟ ȫȲȹȽȹȷ ȯȹȺȳȻȫȸȹȷ ȮȻȫȿȰȸȾ, ȺȳȻȳȯȳȸȼȵȰ ȳ ȮȻȫȿȳȽȸȰ ȫȲȹȽȸȰ ȵȹȸȿȳȮȾȻȫɁȳɒȰ 

ȺȹȬȹɓɃȫȭȫɒȾ ORR ȫȵȽȳȭȸȹȼȽ ȹȶȫȵɃȫȭȫɒȾɕȳ ȫȯȼȹȻȺɁȳɒȾ ȳ ȯȳȼȹɁȳɒȫɁȳɒȾ OϜ, ȸȫȯȷȫɃȾɒȾɕȳ ȺȶȫȽȳȸȾ 
Ⱦ ȫȶȵȫȶȸȳȷ ȼȻȰȯȳȸȫȷȫ [8]. Ȝȶȳɂȸȹ, ȯȹȺȳȻȫɔȰ ȮȻȫȿȰȸȫ ȫȲȹȽȹȷ ȳ ȿȹȼȿȹȻȹȷ ȺȹȬȹɓɃȫȭȫ ȵȳȸȰȽȳȵȾ 
HER ȼȷȫɔȰɔȰȷ ȬȫȻȳɒȰȻȰ Ȳȫ ȫȯȼȹȻȺɁȳɒȾ ȭȹȯȹȸȳȵȫ [9].  

șȼȳȷ ȮȻȫȿȰȸȫ, ɀȳɒȰȻȫȻɀȳɒȼȵȰ ȾȮɓȰȸȳɂȸȰ ȼȽȻȾȵȽȾȻȰ ȹȽȭȫȻȫɒȾ ȸȹȭȰ ȷȹȮȾɕȸȹȼȽȳ Ȳȫ 

ȵȫȽȫȶȳȽȳɂȵȳ ȫȵȽȳȭȸȰ ȷȫȽȰȻȳɒȫȶȰ. ȞȮɓȰȸȳɂȸȰ ȸȫȸȹɁȰȭȳ ȼȭȹɒȹȷ ȷȰȲȹȺȹȻȹȲȸȹȷ ȼȽȻȾȵȽȾȻȹȷ ȳ 

ȫȵȼȳɒȫȶȸȹȷ ȺȻȹȭȹȯɓȳȭȹɃɕȾ, ȹȷȹȮȾɕȫȭȫɒȾ ȬȻȲ ȽȻȫȸȼȺȹȻȽ ȰȶȰȵȽȻȹȸȫ ȳ ȯȳȿȾȲȳɒȾ Ȯȫȼȹȭȫ, ɃȽȹ ɒȰ 

ȵȻȳȽȳɂȸȹ Ȳȫ ȺȻȳȷȰȸȰ ȼȫ ȭȳȼȹȵȹȷ ȮȾȼȽȳȸȹȷ ȼȽȻȾɒȰ, ȺȹȺȾȽ ȳȸȯȾȼȽȻȳɒȼȵȰ ȰȶȰȵȽȻȹȶȳȲȰ. 

ȟȾȸȵɁȳȹȸȫȶȳȲȫɁȳɒȹȷ ȳȸȵȫȺȼȾȶȳȻȫȸȳȷ ȸȫȸȹɂȰȼȽȳɁȫȷȫ ȮȭȹȱɌȫ, CNT ȺȹȼȽȳȱȾ ȳȲȭȫȸȻȰȯȸȰ ORR 

ȫȵȽȳȭȸȹȼȽȳ ȯȹȵ ȾȮɓȰȸȳɂȸȫ ȷȫȽȻȳɁȫ ȼȺȻȰɂȫȭȫ ȳȼȺȳȻȫɔȰ ȷȰȽȫȶȫ [10]. ȍȳȼȹȵȹ ȺȹȻȹȲȸȳ 

ȸȫȸȹȼȽȻȾȵȽȾȳȻȫȸȳ ȾȮɓȰȸȳɂȸȳ ȺȻȫɀȹȭȳ ȷȹȮȾ ȼȰ ȿȾȸȵɁȳȹȸȫȶȳȲȹȭȫȽȳ ȯȹȺȳȻȫɔȰȷ ȫȲȹȽȹȷ Ⱦ 

ȵȫȽȫȶȳȲȫȽȹȻȰ ȼȫ ȺȹɒȰȯȳȸȫɂȸȳȷ ȫȽȹȷȳȷȫ (ȰȸȮȶ. Single Atom Catalysts, SAC), ȮȯȰ ȳȲȹȶȹȭȫȸȳ ȫȽȹȷȳ 
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ȮȭȹȱɌȫ ȳȶȳ ȵȹȬȫȶȽȫ ȵȫȽȫȶȳȲȾɒȾ ȯȳȼȹɁȳɒȫɁȳɒȾ ȭȹȯȰ Ⱦ ȺȻȹɁȰȼȾ ȰȶȰȵȽȻȹȶȳȲȰ [11,12]. ȞȮɓȰȸȳɁȳ 

ȯȹȬȳɒȰȸȳ ȺȳȻȹȶȳȲȹȷ ȬȳȹȷȫȼȰ, ȼȳȸȽȰȽȳȼȫȸȳ ȳȲ ȶȳȮȸȳȸȫ, ɀȳȽȹȲȫȸȫ, ȽȫȶȹȮȫ ȵȫȿȰ ȳ ȼȶȳɂȸȹȮ 

ȳȸȯȾȼȽȻȳɒȼȵȹȮ ȹȽȺȫȯȫ ȹȷȹȮȾɕȫȭȫɒȾ ȭȳȼȹȵȾ ȰȿȳȵȫȼȸȹȼȽ [13]. ȌȹȮȫȽȳ ɀȰȽȰȻȹȫȽȹȷȳȷȫ ȳ ȯȰȿȰȵȽȸȳȷ 

ȷȰȼȽȳȷȫ, ȹȭȳ ȵȫȽȫȶȳȲȫȽȹȻȳ ȺȹȵȫȲȾɒȾ ȳȲȾȲȰȽȸȾ ORR ȫȵȽȳȭȸȹȼȽ [14,15]. 

ȚȻȳȷȰȸȰ ȰȶȰȵȽȻȹȵȫȽȫȶȳȲȫȽȹȻȫ ȸȫ ȬȫȲȳ ȾȮɓȰȸȳȵȫ ȹȬȾɀȭȫȽȫɒȾ ɂȳȽȫȭ ȼȺȰȵȽȫȻ ȻȰȫȵɁȳɒȫ ȳ 
ȼȳȼȽȰȷȫ Ȳȫ ȵȹȸȭȰȻȲȳɒȾ ȰȸȰȻȮȳɒȰ. Ȟ PEM (ȰȸȮȶ. Proton Exchange Membrane) ȮȹȻȳȭȸȳȷ ɕȰȶȳɒȫȷȫ, 
NDG ȵȫȽȹȯȰ ȼȷȫɔȾɒȾ ȲȫȭȳȼȸȹȼȽ ȹȯ ȺȶȫȽȳȸȰ, Ȳȸȫɂȫɒȸȹ ȾȷȫɔȾɒȾɕȳ ȽȻȹɃȵȹȭȰ [16]. ȞȮɓȰȸȳɂȸȳ 
ȸȫȸȹȶȳȼȽȹȭȳ ȬȹȮȫȽȳ ȯȰȿȰȵȽȳȷȫ Ⱦ ȵȹȷȬȳȸȫɁȳɒȳ ȼȫ ȸȳȵȶȹȷ ȺȹȼȽȳȱȾ ȹȯȶȳɂȸȰ ȻȰȲȾȶȽȫȽȰ Ȳȫ ȻȰȫȵɁȳɒȾ 
ȳȲȯȭȫɒȫɔȫ ȭȹȯȹȸȳȵȫ ȳ ȵȳȼȰȹȸȳȵȫ [17]. Ȟ Ɂȳȸȵ-ȭȫȲȯȾɃȸȳȷ ȬȫȽȰȻȳɒȫȷȫ, ȬȳȿȾȸȵɁȳȹȸȫȶȸȳ 
ȵȫȽȫȶȳȲȫȽȹȻȳ ȺȹȺȾȽ ȹȵȼȳȯȫ Co ȳȶȳ Fe ȰȸȵȫȺȼȾȶȳȻȫȸȳɀ Ⱦ ȾȮɓȰȸȳɂȸȰ ȫȰȻȹȮȰȶȹȭȰ ȳȼȽȳɂȾ ȼȰ Ⱦ ORR 
ȳ OER, ȹȷȹȮȾɕȫȭȫɒȾɕȳ ȼȺȰɁȳȿȳɂȸȰ ȵȫȺȫɁȳȽȰȽȰ ȹȯ ȹȵȹ 800 mA h gĬ1  [18,19]. ȐȿȳȵȫȼȸȹȼȽ 

ȻȰȯȾȵɁȳɒȰ COϜ, ȻȰȫȵɁȳɒȰ ɒȫȵȹ ȬȳȽȸȫ Ȳȫ ȲȫȽȭȫȻȫɔȰ ɁȳȵȶȾȼȫ ȾȮɓȰȸȳȵȫ, ȼȰ ȺȹȭȰɕȫȭȫ Ⱦ ȫȲȹȽȹȷ 
ȯȹȺȳȻȫȸȳȷ ȾȮɓȰȸȳɂȸȳȷ ȵȭȫȸȽȸȳȷ ȸȫȸȹȽȫɂȵȫȷȫ, ȺȹȵȫȲȾɒȾɕȳ ȭȳȼȹȵȾ ȿȫȻȫȯȰɒȼȵȾ ȰȿȳȵȫȼȸȹȼȽ ȳ 
ȼȰȶȰȵȽȳȭȸȹȼȽ [20]. 

ȘȫȻȫȭȸȹ, ȺȹȻȰȯ ȹȯȶȳɂȸȳɀ ȼȭȹɒȼȽȫȭȫ ȵȹɒȫ ȼȾ ȯȹ ȼȫȯȫ ȸȫȭȰȯȰȸȫ, Ⱦ ȺȻȳȷȰȸȳ ȾȮɓȰȸȳɂȸȳɀ 
ȷȫȽȰȻȳɒȫȶȫ ȺȹȼȽȹɒȰ ȳ ȹȯȻȰɌȰȸȳ ȳȲȫȲȹȭȳ ȵȹɒȰ ɒȰ ȺȹȽȻȰȬȸȹ ȺȻȰȭȫȲȳɕȳ. ȜȽȫȬȳȶȸȹȼȽ Ⱦ ȫȮȻȰȼȳȭȸȳȷ 
Ȼȫȯȸȳȷ Ⱦȼȶȹȭȳȷȫ ð ȭȳȼȹȵȳ ȺȹȽȰȸɁȳɒȫȶȳ, ȵȳȼȰȶȰ/ȫȶȵȫȶȸȰ ȼȻȰȯȳȸȰ ȳ ȹȵȼȳȯȫȽȳȭȸȳ ȾȽȳɁȫɒ ȼȻȰȯȳȸȰ. 
ȓȫȵȹ ɒȰ ȹȽȺȹȻȸȹȼȽ ȾȮɓȰȸȳȵȫ ȸȫ ȵȹȻȹȲȳɒȾ ȭȰɕȫ ȹȯ ȷȰȽȫȶȫ, ȯȾȮȹȽȻȫɒȫȸ Ȼȫȯ ȷȹȱȰ ȯȹȭȰȼȽȳ ȯȹ 
ȹȵȼȳȯȫɁȳɒȰ ȯȹȺȫȸȫȽȫ ȳȶȳ ȰȻȹȲȳɒȰ ȯȰȿȰȵȽȸȳɀ ȷȰȼȽȫ, ɃȽȹ ȼȷȫɔȾɒȰ ȺȰȻȿȹȻȷȫȸȼȰ [21ð23]. 
ȜȵȫȶȫȬȳȶȸȹȼȽ ɒȰ ɒȹɃ ɒȰȯȫȸ ȳȲȫȲȹȭ: ȮȻȫȿȰȸ ȯȹȬȳɒȰȸ ɀȰȷȳɒȼȵȹȷ ȯȰȺȹȲȳɁȳɒȹȷ ȳȲ ȺȫȻȰ (ȰȸȮȶ. 
Chemical Vapor Deposition, CVD),  ȺȹȼȽȾȺȵȹȷ, ȳȫȵȹ ȭȳȼȹȵȳɀ ȺȰȻȿȹȻȷȫȸȼȳ, ȲȫɀȽȰȭȫ ȭȰȶȳȵȾ 
ȺȹȽȻȹɃɔȾ ȰȸȰȻȮȳɒȰ, ȯȹȵ ȾȮɓȰȸȳɁȳ ȯȹȬȳɒȰȸȳ ȳȲ ȬȳȹȷȫȼȰ ȷȹȮȾ ȳȷȫȽȳ ȺȻȹȬȶȰȷȰ ȼȫ ȭȫȻȳɒȫȬȳȶȸȹȼȽȳ 
ȳȲȷȰɌȾ ȻȫȲȶȳɂȳȽȳɀ ȺȻȹȳȲȭȹȯȸȳɀ ȼȰȻȳɒȫ ȲȬȹȮ ȼȫȷȰ ȭȫȻȳɒȫȬȳȶȸȹȼȽȳ ȺȻȰȵȾȻȼȹȻȫ [24,25]. Ȓȫ ȯȫɓȳ 
ȸȫȺȻȰȯȫȵ Ⱦ ȻȫȲȭȹɒȾ ȹȭȳɀ ȷȫȽȰȻȳɒȫȶȫ ȸȰȹȺɀȹȯȸȫ ɒȰ ȼȫȻȫȯɔȫ ȽȰȹȻȳɒȼȵȳɀ ȷȹȯȰȶȫ ȼȫ ȸȹȭȳȷ ȸȫɂȳȸȳȷȫ 
Ȳȫ ȼȳȸȽȰȲȾ ȳ in operando ȫȸȫȶȳȲȾ ȷȫȽȰȻȳɒȫȶȫ. ȗȰȽȹȯȰ ȷȫɃȳȸȼȵȹȮ ȾɂȰɔȫ ȽȻȰȸȳȻȫȸȰ ȸȫ ȭȰȶȳȵȳȷ 
ȼȰȽȹȭȳȷȫ ȺȹȯȫȽȫȵȫ ȼȭȹɒȼȽȫȭȫ ȷȫȽȰȻȳɒȫȶȫ ȳ ȻȰȫȵɁȳȹȸȰ ȰȸȰȻȮȰȽȳȵȰ ȳ ȯȳȸȫȷȳȵȰ ȭȰɕ ȼȰ ȺȻȳȷȰɔȾɒȾ Ȳȫ 
ȾȬȻȲȫȭȫɔȰ ȸȫȺȻȰȽȵȫ ȳ ȺȻȹȸȫȶȫȱȰɔȫ ȸȹȭȳɀ ȵȫȸȯȳȯȫȽȫ Ȳȫ ȵȫȽȫȶȳȲȫȽȹȻȰ ȸȫ ȬȫȲȳ ȾȮɓȰȸȳȵȫ [26ð28]. 
In situ ȷȰȽȹȯȰ ȺȹȺȾȽ XPS (ȰȸȮȶ. X-ray Photoelectron Spectroscopy), HRTEM (ȰȸȮȶ. High Resolution 
Transmision Electron Microscopy) ȳȶȳ STEM (ȰȸȮȶ. Scanning Transmission Electron Microscopy)  ȼȾ 
ȸȰȲȫȹȬȳȶȫȲȸȰ Ⱦ ȫȸȫȶȳȲȳȻȫɔȾ ȰȭȹȶȾɁȳɒȰ ȼȳȼȽȰȷȫ Ⱦ ȽȹȵȾ ȵȫȽȫȶȳȽȳɂȵȹȮ ȺȻȹɁȰȼȫ, ȬȾȯȾɕȳ ȯȫ 
ȹȷȹȮȾɕȫȭȫɒȾ ȯȳȻȰȵȽȸȹ ȺȹȼȷȫȽȻȫɔȰ ȺȹȭȻɃȳȸȰ ȳ ȫȸȫȶȳȲȾ ȻȰȫȵɁȳȹȸȳɀ ȭȻȼȽȫ, ȯȫɒȾɕȳ ȯȹȯȫȽȸȳ Ⱦȭȳȯ 
Ȳȫ ȻȫɁȳȹȸȫȶȸȳ ȯȳȲȫɒȸ ȷȫȽȰȻȳɒȫȶȫ [29ð32]. ȠȳȬȻȳȯȸȳ ȼȳȼȽȰȷȳ ȺȹȺȾȽ ȮȻȫȿȰȸ-MOF ȵȹȷȺȹȲȳȽȫ 
ȷȹȮȾ ȵȹȷȬȳȸȹȭȫȽȳ ȺȻȹȭȹȯɓȳȭȹȼȽȳ ȾȮɓȰȸȳɂȸȳɀ ȷȫȽȰȻȳɒȫȶȫ ȼȫ ȼȰȶȰȵȽȳȭȸȹɃɕȾ MOF ȼȽȻȾȵȽȾȻȫ 
ȵȫȵȹ Ȭȳ ȹȷȹȮȾɕȳȶȳ ȺȻȰɁȳȲȸȾ ȵȹȸȽȻȹȶȾ Ⱦ ȼȳȸȽȰȲȳ ȷȫȽȰȻȳɒȫȶȫ Ȳȫ ȰȶȰȵȽȻȹȵȫȽȫȶȳȲȾ ȳ ȼȵȶȫȯȳɃȽȰɔȰ 
ȰȸȰȻȮȳɒȰ [33,34]. 

 

1.2. ȏȰȿȰȵȽȳ Ⱦ ȮȻȫȿȰȸȾ 

1.2.1. ȍȫȵȫȸɁȳɒȰ 

ȍȫȵȫȸɁȳɒȰ ȺȻȰȯȼȽȫȭɓȫɒȾ ɒȰȯȫȸ ȹȯ ȸȫɒɂȰɃɕȳɀ ȽȳȺȹȭȫ ȯȰȿȰȵȫȽȫ, ȵȹɒȰ ȸȫȼȽȫɒȾ ȾȵȶȫɔȫɔȰȷ 

ɒȰȯȸȹȮ ȳȶȳ ȭȳɃȰ ȫȽȹȷȫ ȾȮɓȰȸȳȵȫ ȳȲ ȳȯȰȫȶȸȰ ɀȰȵȼȫȮȹȸȫȶȸȰ ȼȽȻȾȵȽȾȻȰ. ȍȫȵȫȸɁȳɒȰ ȼȰ ɒȫȭɓȫɒȾ Ⱦ 

ȻȫȲȶȳɂȳȽȳȷ ȹȬȶȳɁȳȷȫ, ȺȻȳ ɂȰȷȾ ȼȭȫȵȫ ȭȻȼȽȫ ȳȷȫ ȼȺȰɁȳȿȳɂȸȰ ȼȽȻȾȵȽȾȻȸȰ ȳ ȰȶȰȵȽȻȹȸȼȵȰ ȰȿȰȵȽȰ. 

ȄȰȯȸȹȼȽȻȾȵȫ ȭȫȵȫȸɁȳɒȫ (ȷȹȸȹȭȫȵȫȸɁȳɒȫ)  ȸȫȼȽȫɒȰ ȵȫȯȫ ȸȰȯȹȼȽȫɒȰ ɒȰȯȫȸ ȾȮɓȰȸȳȵȹȭ ȫȽȹȷ, ȹȼȽȫȭɓȫɒȾɕȳ 

ȽȻȳ ȼȶȹȬȹȯȸȰ ȭȰȲȰ, ɃȽȹ ȷȹȱȰ ȯȹȭȰȼȽȳ ȯȹ ȯȫɓȰȮ ȺȻȰȾȻȰɌȳȭȫɔȫ ȼȽȻȾȵȽȾȻȰ [35]. ȏȭȹȼȽȻȾȵȰ ȭȫȵȫȸɁȳɒȰ 

(ȯȳȭȫȵȫȸɁȳɒȰ) ȷȹȮȾ ȸȫȼȽȫȽȳ ȾȵȶȫɔȫɔȰȷ ȯȭȫ ȼȾȼȰȯȸȫ ȫȽȹȷȫ, ȳȶȳ ȼȺȫɒȫɔȰȷ ȯȭȰ ȷȹȸȹȭȫȵȫȸɁȳɒȰ. Ȟ Ƚȹȷ 

ȼȶȾɂȫɒȾ ȼȽȻȾȵȽȾȻȫ ȻȰɃȰȽȵȰ ȻȰȹȻȮȫȸȳȲȾɒȰ ȼȰ Ⱦ ȼȽȫȬȳȶȸȳɒȾ 5-8-5 ȵȹȸȿȳȮȾȻȫɁȳɒȾ ð ȼȺȹɒȰȸȳ 

ȺȰȽȹȾȮȶȹȭȳ ȳ ȹȼȷȹȾȮȫȹ [36,37]. șȭȳ ȯȰȿȰȵȽȳ ɂȰȼȽȹ ȸȫȼȽȫɒȾ ȸȰȸȫȷȰȻȸȹ Ƚȹȵȹȷ ȼȳȸȽȰȲȰ. Șȫ ȺȻȳȷȰȻ, 

CVD, ȾȹȬȳɂȫɒȰȸȫ ȷȰȽȹȯȫ Ȳȫ ȺȻȹȳȲȭȹȯɔȾ ȮȻȫȿȰȸȫ, Ⱦȸȹȼȳ ȭȫȵȫȸɁȳɒȰ ȸȫ ȮȻȫȸȳɁȫȷȫ ȲȻȸȫ, ȮȯȰ ȼȰ 
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ȼȾȼȻȰɕȾ ȸȰȾȼȵȶȫɌȰȸȳ ȵȻȳȼȽȫȶȸȳ ȯȹȷȰȸȳ [38]. Ȝȶȳɂȸȹ ȽȹȷȰ, ȫȮȻȰȼȳȭȸȳ ɀȰȷȳɒȼȵȳ ȽȻȰȽȷȫȸȳ Ƚȹȵȹȷ 

ȰȵȼȿȹȶȳɒȫɁȳɒȰ ȳȶȳ ȻȰȯȾȵɁȳɒȰ (ȸȺȻ. ȠȫȷȰȻȼȹȭ ȷȰȽȹȯ) ȷȹȮȾ ȺȹɁȰȺȫȽȳ ȻȰɃȰȽȵȾ, ȹȼȽȫȭɓȫɒȾɕȳ Ȳȫ 

ȼȹȬȹȷ ȭȫȵȫȸɁȳɒȰ [39]. ȚȹȼȽȼȳȸȽȰȽȼȵȰ ȽȰɀȸȳȵȰ, ȺȹȺȾȽ ɒȹȸȳȲȫɁȳɒȰ ȳȶȳ ȰȶȰȵȽȻȹȸȼȵȹȮ ȲȻȫɂȰɔȫ, 

ȹȷȹȮȾɕȫȭȫɒȾ ȵȹȸȽȻȹȶȳȼȫȸȹ ȼȽȭȫȻȫɔȰ ȭȫȵȫȸɁȳɒȫ ȳȲȬȫɁȳȭȫɔȰȷ ȾȮɓȰȸȳȵȹȭȳɀ ȫȽȹȷȫ 

ȭȳȼȹȵȹȰȸȰȻȮȰȽȼȵȳȷ ɂȰȼȽȳɁȫȷȫ [40], ȯȹȵ ȽȰȻȷȳɂȵȫ ȱȫȻȰɔȫ Ⱦ ȻȰȫȵȽȳȭȸȳȷ Ȯȫȼȹȭȳȷȫ ȺȹȺȾȽ 

ȵȳȼȰȹȸȳȵȫ ȼȰȶȰȵȽȳȭȸȹ ȾȵȶȫɔȫɒȾ ȫȽȹȷȰ ȵȫȵȹ Ȭȳ ȼȽȭȹȻȳȶȫ ȯȰȿȰȵȽȰ [41]. 

ȕȫȻȫȵȽȰȻȳȲȫɁȳɒȫ ȭȫȵȫȸɁȳɒȫ ȳ ȹȼȽȫȶȳɀ ȯȰȿȰȵȫȽȫ ȲȫɀȽȰȭȫ ȸȫȺȻȰȯȸȰ ȽȰɀȸȳȵȰ ȰȶȰȵȽȻȹȸȼȵȰ 

ȷȳȵȻȹȼȵȹȺȳɒȰ ȳ ȼȺȰȵȽȻȹȼȵȹȺȳɒȰ. HRTEM ȺȹȼȽȳȱȰ ȼȾȬ-ȫȸȮȼȽȻȰȷȼȵȾ ȻȰȲȹȶȾɁȳɒȾ, ȯȳȻȰȵȽȸȹ 

ȺȻȳȵȫȲȾɒȾɕȳ ȺȹɒȰȯȳȸȫɂȸȰ ȭȫȵȫȸɁȳɒȰ ȵȫȹ ȽȫȷȸȰ ȽȫɂȵȰ Ⱦ ȻȰɃȰȽȵȳ [42]. țȫȷȫȸȼȵȫ ȼȺȰȵȽȻȹȼȵȹȺȳɒȫ, 

ɒȰȯȸȫ ȹȯ ȸȰȲȫȹȬȳȶȫȲȸȳɀ ȷȰȽȹȯȫ Ⱦ ȫȸȫȶȳȲȳ ȯȰȿȰȵȫȽȫ Ⱦ ȾȮɓȰȸȳɂȸȳȷ ȷȫȽȰȻȳɒȫȶȳȷȫ, ȳȯȰȸȽȳȿȳȵȾɒȰ 

ȭȫȵȫȸɁȳɒȰ ȫȸȫȶȳȲȹȷ ȹȯȸȹȼȫ ȳȸȽȰȸȲȳȽȰȽȫ D-ȽȻȫȵȰ  (~1350 cmϖ¹) ȳ G-ȽȻȫȵȰ (~1580 cmϖ¹). șȭȫ 
ȷȰȽȹȯȫ ȵȭȫȸȽȳȽȫȽȳȭȸȹ ȹȯȻȰɌȾɒȰ ȮȾȼȽȳȸȾ ȭȫȵȫȸɁȳɒȫ, ȳȫȵȹ ȽȰȱȰ ȻȫȲȶȳȵȾɒȰ ȭȫȵȫȸɁȳɒȰ ȹȯ ȯȻȾȮȳɀ 

ȯȰȿȰȵȫȽȫ ȺȹȺȾȽ ȮȻȫȸȳɁȫ ȲȻȸȫ ȳȶȳ ȫȯȫȽȹȷȫ. țȫɂȾȸȫȻȼȵȹ ȷȹȯȰȶȹȭȫɔȰ ȺȻȾȱȫ ȵɓȾɂȸȰ ȾȭȳȯȰ Ⱦ 

ȰȸȰȻȮȰȽȳȵȾ ȿȹȻȷȳȻȫɔȫ ȭȫȵȫȸɁȳɒȫ ȳ ɔȳɀȹȭȰ ȰȶȰȵȽȻȹȸȼȵȰ ȼȽȻȾȵȽȾȻȰ, ɂȳȷȰ ȼȰ ȹȶȫȵɃȫȭȫ 

ȰȵȼȺȰȻȳȷȰȸȽȫȶȸȫ ȳȸȽȰȻȺȻȰȽȫɁȳɒȫ [43].  

ȚȻȳȼȾȼȽȭȹ ȭȫȵȫȸɁȳɒȫ Ȳȸȫɂȫɒȸȹ ȷȰɔȫ ȼȭȹɒȼȽȭȫ ȮȻȫȿȰȸȫ. Ȝȫ ȰȶȰȵȽȻȹȸȼȵȹȮ ȫȼȺȰȵȽȫ, ȭȫȵȫȸɁȳɒȰ 

ȯȰȶȾɒȾ ȵȫȹ ɁȰȸȽȻȳ ȻȫȼȰɒȫɔȫ ȸȹȼȳȶȫɁȫ ȸȫȰȶȰȵȽȻȳȼȫɔȫ, ȼȷȫɔȾɒȾɕȳ ɔȳɀȹȭȾ ȷȹȬȳȶȸȹȼȽ. ȎȾȼȽȳȸȫ 

ȭȫȵȫȸɁȳɒȫ ȹȯ ȼȫȷȹ 0.1% ȺȻȰȺȹȶȹȭɓȾɒȰ ȷȹȬȳȶȸȹȼȽ ȸȹȼȳȶȫɁȫ ȸȫȰȶȰȵȽȻȳȼȫɔȫ [44]. ȗȰɌȾȽȳȷ, ȹȭȳ 

ȯȰȿȰȵȽȳ ȽȫȵȹɌȰ ȾȭȹȯȰ ȸȹȭȰ ȿȰȸȹȷȰȸȰ. Șȫ ȺȻȳȷȰȻ, ȸȰȼȺȫȻȰȸȳ ȰȶȰȵȽȻȹȸȳ ȸȫ ȳȭȳɁȫȷȫ ȭȫȵȫȸɁȳɒȫ 

ȼȽȭȫȻȫɒȾ ȶȹȵȫȶȸȰ ȷȫȮȸȰȽȸȰ ȷȹȷȰȸȽȰ ɃȽȹ ȹȽȭȫȻȫ ȷȹȮȾɕȸȹȼȽȳ Ȳȫ ȺȻȳȷȰȸȰ Ⱦ ȼȺȳȸȽȻȹȸȳɁȳ [45]. Ȝȫ 

ȷȰɀȫȸȳɂȵȹȮ ȼȽȫȸȹȭȳɃȽȫ, ȭȫȵȫȸɁȳɒȰ ȼȶȫȬȰ ȲȫȽȰȲȸȾ ɂȭȻȼȽȹɕȾ ȮȻȫȿȰȸȫ ð ȺȹɒȰȯȳȸȫɂȸȰ ȭȫȵȫȸɁȳɒȰ Ȳȫ 

~25%, ȯȹȵ ȯȭȹȼȽȻȾȵȰ ȭȫȵȫȸɁȳɒȰ ȼȸȳȱȫȭȫɒȾ ȽȾ ȭȻȰȯȸȹȼȽ Ȳȫ ~40% [46,47]. ȝȰȻȷȳɂȵȳ, ȭȫȵȫȸɁȳɒȰ 

ȻȫȼȰɒȫȭȫɒȾ ȿȹȸȹȸȰ, ȼȷȫɔȾɒȾɕȳ ȽȹȺȶȹȽȸȾ ȺȻȹȭȹȯȸȹȼȽ ȹȵȹ 5 ȺȾȽȫ ȺȻȳ ȮȾȼȽȳȸȳ ȭȫȵȫȸɁȳɒȫ ȹȯ 1% [48]. 

ȠȰȷȳɒȼȵȳ, ȭȫȵȫȸɁȳɒȰ ȯȰȶȾɒȾ ȵȫȹ ȻȰȫȵȽȳȭȸȫ ȷȰȼȽȫ ȾȼȶȰȯ ȼȶȹȬȹȯȸȳɀ ȭȰȲȫ, ȹȷȹȮȾɕȫȭȫɒȾɕȳ ȺȻȳȷȰȸȰ Ⱦ 

ȵȫȽȫȶȳȽȳɂȵȳȷ ȺȻȹɁȰȼȳȷȫ ȳ ȼȰȸȲȹȻȳȷȫ. Șȫ ȺȻȳȷȰȻ, ȮȻȫȿȰȸ ȬȹȮȫȽ ȭȫȵȫȸɁȳɒȫȷȫ ȾȬȻȲȫȭȫ ORR Ⱦ 

ȮȹȻȳȭȸȳȷ ɕȰȶȳɒȫȷȫ, ȯȹȼȽȳȱȾɕȳ ȺȰȻȿȹȻȷȫȸȼȰ ȾȺȹȻȰȯȳȭȰ ȼȫ ȺȶȫȽȳȸȼȵȳȷ ȵȫȽȫȶȳȲȫȽȹȻȳȷȫ [8], ȯȹȵ 

ȫȿȳȸȳȽȰȽ ȭȫȵȫȸɁȳɒȫ ȺȻȰȷȫ Ȯȫȼȹȭȳȷȫ ȺȹȺȾȽ NOϜ ȹȷȹȮȾɕȫȭȫ ȹȼȰȽɓȳȭȹȼȽ ȸȫ ȸȳȭȹȾ ppm [49]. Ȟ 

ȼȵȶȫȯȳɃȽȰɔȾ ȰȸȰȻȮȳɒȰ, ȫȸȹȯȰ ȹȯ ȯȰȿȰȵȽȸȹȮ ȮȻȫȿȰȸȫ Ȳȫ ȶȳȽȳɒȾȷ-ɒȹȸȼȵȰ ȬȫȽȰȻȳɒȰ ȺȹȼȽȳȱȾ 

ȵȫȺȫɁȳȽȰȽȰ ȹȯ ȹȵȹ 740 mA h gĬ1 ȯȭȹȼȽȻȾȵȹ ȭȰɕȰ ȹȯ ȮȻȫȿȳȽȫ (~372 mA h g-1) ȲȫɀȭȫɓȾɒȾɕȳ 

ȺȹȬȹɓɃȫȸȹɒ ȫȯȼȹȻȺɁȳɒȳ Liϕ ȸȫ ȷȰȼȽȳȷȫ ȭȫȵȫȸɁȳɒȫ [50]. ȜȾȺȰȻȵȹȸȯȰȸȲȫȽȹȻȳ ȼȫ ȮȻȫȿȰȸȹȷ ȯȹȼȽȳȱȾ 

ȵȫȺȫɁȳȽȳȭȸȹȼȽ ȭȰɕȾ ȹȯ 400 F gĬ1, ɒȰȻ ȸȫȸȹȺȹȻȰ ȹȶȫȵɃȫȭȫɒȾ ȺȻȳȼȽȾȺ ɒȹȸȳȷȫ ȰȶȰȵȽȻȹȶȳȽȫ [51]. 

ȕȫȽȫȶȳȲȫ ȳȷȫ ȵȹȻȳȼȽȳ ȹȯ ȼȺȹȼȹȬȸȹȼȽȳ ȭȫȵȫȸɁȳɒȫ ȯȫ ăȾȼȳȯȻȰò ȷȰȽȫȶȸȰ ȸȫȸȹɂȰȼȽȳɁȰ (ȸȺȻ. Pt, Ir), 

ɂȳȷȰ ȼȰ ȼȷȫɔȾɒȾ ȽȻȹɃȵȹȭȳ ȺȶȰȷȰȸȳȽȳɀ ȷȰȽȫȶȫ [52]. 

 

1.2.2. ȜȽȹȾȸ-ȍȰɒȶȼ ȯȰȿȰȵȽ 

ȜȽȹȾȸ-ȍȰɒȶȼ (ȰȸȮȶ. Stone-Wales, SW) ȯȰȿȰȵȽ ȸȫȼȽȫɒȰ ȻȹȽȫɁȳɒȹȷ ɒȰȯȸȰ CðC ȭȰȲȰ Ȳȫ 90 

ȼȽȰȺȰȸȳ, ɃȽȹ ȯȹȭȹȯȳ ȯȹ ȺȻȹȷȰȸȰ ȹȻȳɒȰȸȽȫɁȳɒȰ ɀȰȵȼȫȮȹȸȫȶȸȰ ȼȽȻȾȵȽȾȻȰ Ⱦ ȼȽȻȾȵȽȾȻȾ ȼȫ ȯȭȫ 

ȺȰȽȹȾȮȶȫ ȳ ȯȭȫ ȼȰȯȷȹȾȮȶȫ (ă5775ò ȯȰȿȰȵȽ). șȭȫɒ ȯȰȿȰȵȽ ȸȰ Ⱦȵȶȫɔȫ ȫȽȹȷȰ ȳȲ ȼȽȻȾȵȽȾȻȰ, ȭȰɕ ȷȰɔȫ 

ȶȹȵȫȶȸȾ ȼȳȷȰȽȻȳɒȾ ȳ ȷȹȱȰ Ȳȸȫɂȫɒȸȹ ȾȽȳɁȫȽȳ ȸȫ ȰȶȰȵȽȻȹȸȼȵȾ ȼȽȻȾȵȽȾȻȾ ȷȫȽȰȻȳɒȫȶȫ. Ȟ ȳȯȰȫȶȸȹȷ 

ȮȻȫȿȰȸȾ, ȼȭȫȵȳ ȾȮɓȰȸȳȵȹȭ ȫȽȹȷ ȸȫȶȫȲȳ ȼȰ Ⱦ ȼȽȫȬȳȶȸȹɒ ɀȰȵȼȫȮȹȸȫȶȸȹɒ ȷȻȰȱȳ. ȕȫȯȫ ɒȰ ȳȲȶȹȱȰȸ 

ȷȰɀȫȸȳɂȵȹȷ ȸȫȺȻȰȲȫɔȾ, ȽȰȻȷȳɂȵȹȷ ȼȽȻȰȼȾ ȳȶȳ ȲȻȫɂȰɔȾ, ȶȹȵȫȶȳȲȹȭȫȸȰ ȰȸȰȻȮȰȽȼȵȰ ȿȶȾȵȽȾȫɁȳɒȰ 

ȯȰȼȽȫȬȳȶȳȲȾɒȾ ȻȰɃȰȽȵȾ, ȺȹȯȼȽȳɂȾɕȳ ȻȹȽȫɁȳɒȾ ȭȰȲȰ. șȭȫɒ ȺȻȹɁȰȼ ȲȫɀȽȰȭȫ ȹȵȹ ~5 eV ȰȸȰȻȮȳɒȰ, ɃȽȹ 

SW ȯȰȿȰȵȽȰ ɂȳȸȳ ȷȰȽȫȼȽȫȬȳȶȸȳȷ Ⱦ ȫȷȬȳɒȰȸȽȫȶȸȳȷ Ⱦȼȶȹȭȳȷȫ, ȫȶȳ ȯȹȼȽȾȺȸȳȷ Ƚȹȵȹȷ ȼȳȸȽȰȲȰ ȳȶȳ 

ȯȹȯȫȽȸȰ ȹȬȻȫȯȰ [53]. CVD ɂȰȼȽȹ ȳȸȯȾȵȾɒȰ ȼȽȭȫȻȫɔȰ SW ȯȰȿȰȵȫȽȫ ȸȫ ȮȻȫȸȳɁȫȷȫ ȲȻȸȫ [38]. Ȣȫȵ ȳ 

ȷȰɀȫȸȳɂȵȫ ȰȵȼȿȹȶȳɒȫɁȳɒȫ ȷȹȱȰ ȯȹȭȰȼȽȳ ȯȹ ȼȷȳɁȫɔȫ ȻȰɃȰȽȵȰ, ȼȽȭȫȻȫɒȾɕȳ SW ȯȰȿȰȵȽȰ ȵȻȹȲ 
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ȶȹȵȫȶȸȾ ȻȰȹȻȮȫȸȳȲȫɁȳɒȾ ȭȰȲȫ [54]. Ȓȫ ȻȫȲȶȳȵȾ ȹȯ ȭȫȵȫȸɁȳɒȫ, SW ȯȰȿȰȵȽȳ ȲȫȯȻȱȫȭȫɒȾ spį 

ɀȳȬȻȳȯȳȲȫɁȳɒȾ, ȳȲȬȰȮȫȭȫɒȾɕȳ ȼȶȹȬȹȯȸȰ ȭȰȲȰ, ȫȶȳ ȳȲȹȬȶȳɂȫȭȫɒȾɕȳ ȻȰɃȰȽȵȾ. 

ȚȻȳȷȰȸȰ ȵȹɒȰ ȵȹȻȳȼȽȰ ȮȻȫȿȰȸ ȼȫ SW ȯȰȿȰȵȽȳȷȫ ȷȹȮȾ ȹȬȾɀȭȫȽȫȽȳ  ȻȫȲȶȳɂȳȽȰ ȳȸȯȾȼȽȻȳɒȰ. 

Ȟ ȿȶȰȵȼȳȬȳȶȸȹɒ ȰȶȰȵȽȻȹȸȳɁȳ, ȺȹȭȰɕȫȸȫ ȼȫȭȳȽɓȳȭȹȼȽ SW ȮȻȫȿȰȸȫ ȷȹȱȰ ȹȷȹȮȾɕȳȽȳ ȳȲȯȻȱɓȳȭȰ 

ȰȶȰȵȽȻȹȯȰ Ȳȫ ȼȫȭȳȽɓȳȭȰ ȺȫȷȰȽȸȰ ȽȰȶȰȿȹȸȰ ȳȶȳ ȼȰȸȲȹȻȰ [55ð57]. ȘȫȺȻȰȲȫɔȰ ȭȰȲȫ Ⱦ ȯȰȿȰȵȽȳȷȫ 

ȷȹȮȾ ȬȳȽȳ ȵȹȻȳȼȸȰ Ⱦ ȵȫȽȫȶȳȲȳ, ɒȰȻ ȰȿȳȵȫȼȸȳɒȰ ȫȯȼȹȻȬȾɒȾ ȳ ȫȵȽȳȭȳȻȫɒȾ ȻȰȫȵȽȫȸȽȰ ȺȹȺȾȽ HϜ ȳȶȳ OϜ 
Ⱦ ȺȹȻȰɌȰɔȾ ȼȫ ɂȳȼȽȳȷ ȺȹȭȻɃȳȸȫȷȫ. In situ ȽȰɀȸȳȵȰ ȷȹȮȾ ȺȻȾȱȳȽȳ Ⱦȭȳȯ Ⱦ ȿȹȻȷȳȻȫɔȰ SW ȯȰȿȰȵȽȫ 

ȳ ɔȰȮȹȭȹ ȺȹȸȫɃȫɔȰ Ⱦ ȹȺȰȻȫȽȳȭȸȳȷ Ⱦȼȶȹȭȳȷȫ, ȵȫȹ ɃȽȹ ȼȾ ȾȽȳɁȫɒ ȼȻȰȯȳȸȰ ȳȶȳ ȸȫȺȻȰȲȫɔȫ ȸȫ 

ȻȰȫȵȽȳȭȸȹȼȽ. 

 

1.2.3. ȋȯȫȽȹȷȳ ȳ ȼȾȺȼȽȳȽȾɁȳȹȸȰ ȺȻȳȷȰȼȰ 

ȏȹȯȫȭȫɔȰ ȫȯȫȽȹȷȫ (ȫȽȹȷȫ ȵȹɒȳ ȼȰ ȫȯȼȹȻȬȾɒȾ ȸȫ ȺȹȭȻɃȳȸȾ) ȳȶȳ ȼȾȺȼȽȳȽȾɁȳȹȸȳɀ ȺȻȳȷȰȼȳ 

(ȯȹȺȳȻȫɔȰ ð ȲȫȷȰȸȫ ȾȮɓȰȸȳȵȫ ȯȻȾȮȳȷ ȫȽȹȷȳȷȫ, ȵȫȹ ɃȽȹ ȼȾ ȫȲȹȽ ȳȶȳ ȬȹȻ) ȷȹȱȰ Ȳȸȫɂȫɒȸȹ ȾȽȳɁȫȽȳ 

ȸȫ ɀȰȷȳɒȼȵȫ ȼȭȹɒȼȽȭȫ ȮȻȫȿȰȸȫ. ȋȯȫȽȹȷȳ ȷȹȮȾ ȯȫ ȺȻȹȷȰȸȰ ȶȹȵȫȶȸȾ ȰȶȰȵȽȻȹȸȼȵȾ ȼȽȻȾȵȽȾȻȾ, ɂȳȷȰ 

ȾȽȳɂȾ ȸȫ ȻȰȫȵȽȳȭȸȹȼȽ ȷȫȽȰȻȳɒȫȶȫ. ȜȾȺȼȽȳȽȾɁȳȹȸȰ ȺȻȳȷȰȼȰ ȷȹȮȾ ȬȳȽȳ ȵȹȻȳɃɕȰȸȰ Ȳȫ ȵȹȸȽȻȹȶȾ 

ȺȻȹȭȹȯɓȳȭȹȼȽȳ ȳ ȷȹȮȾɕȸȹȼȽȳ Ȳȫ ȿȾȸȵɁȳȹȸȫȶȳȲȫɁȳɒȾ ȺȹȭȻɃȳȸȰ ȮȻȫȿȰȸȫ. șȭȳ ȯȰȿȰȵȽȳ ȼȰ ɂȰȼȽȹ 

ȼȽȭȫȻȫɒȾ Ⱦ ȵȹȸȽȻȹȶȳȼȫȸȳȷ Ⱦȼȶȹȭȳȷȫ Ȼȫȯȳ ȷȹȯȳȿȳȵȫɁȳɒȰ ȼȭȹɒȼȽȫȭȫ Ȳȫ ȼȺȰɁȳȿȳɂȸȰ ȺȻȳȷȰȸȰ, ȵȫȹ 

ɃȽȹ ȼȾ ȼȰȸȲȹȻȳ ȳȶȳ ȵȫȽȫȶȳȲȫȽȹȻȳ. 

ȋȯȼȹȻȬȹȭȫȸȳ ȫȽȹȷȳ (ȫȯȫȽȹȷȳ), ȺȹȺȾȽ ȭȹȯȹȸȳȵȫ, ȵȳȼȰȹȸȳȵȫ ȳȶȳ ȺȻȰȶȫȲȸȳɀ ȷȰȽȫȶȫ, ȭȰȲȾɒȾ 

ȼȰ Ȳȫ ȺȹȭȻɃȳȸȾ ȮȻȫȿȰȸȫ. Ȇȳɀȹȭȫ ȳȸȽȰȻȫȵɁȳɒȫ ȼȫ ȻȰɃȰȽȵȹȷ Ȳȫȭȳȼȳ ȹȯ ɀȰȷȳɒȰ ȭȰȲȳȭȫɔȫ: ȸȺȻ. 

ȭȹȯȹȸȳȵ ȿȹȻȷȳȻȫ ɒȫȵȰ ȵȹȭȫȶȰȸȽȸȰ ȭȰȲȰ, ȺȻȰȽȭȫȻȫɒȾɕȳ ȶȹȵȫȶȳȲȹȭȫȸȰ spį ȾȮɓȰȸȳȵȰ Ⱦ spİ 

ɀȳȬȻȳȯȳȲȫɁȳɒȾ. șȭȫɒ ȺȻȹɁȰȼ ȺȻȳ ȭȳȼȹȵȹɒ ȺȹȵȻȳȭȰȸȹȼȽȳ ȭȹȯȹȸȳȵȹȷ ȼȽȭȫȻȫ ȺȹȶȾȺȻȹȭȹȯȸȳɂȵȾ 

ăȮȻȫȿȫȸò ȿȫȲȾ ȼȫ ȺȹȯȰȼȳȭȳȷ ȰȸȰȻȮȰȽȼȵȳȷ ȺȻȹɁȰȺȹȷ ñ ȵɓȾɂȸȹȷ ȹȼȹȬȳȸȹȷ Ȳȫ ȺȻȳȷȰȸȾ Ⱦ 

ȽȻȫȸȲȳȼȽȹȻȳȷȫ [58]. ȜȾȺȻȹȽȸȹ ȽȹȷȰ, ȷȰȽȫȶȸȳ ȫȯȫȽȹȷȳ (ȸȺȻ. ȵȫȶȳɒȾȷ ȳȶȳ ȶȳȽȳɒȾȷ) ȳȸȽȰȻȫȮȾɒȾ ȵȻȹȲ 

ȺȻȰȸȹȼ ȸȫȰȶȰȵȽȻȳȼȫɔȫ, ȯȹȺȳȻȫɒȾɕȳ ȮȻȫȿȰȸ ȵȫȹ n-ȽȳȺ ȳȶȳ p-ȽȳȺ [59]. șȭȳ ȫȯȫȽȹȷȳ ȼȰ ɂȰȼȽȹ ȾȭȹȯȰ 

ȵȻȹȲ CVD ȼȳȸȽȰȲȾ ȼȫ ȻȰȫȵȽȳȭȸȳȷ ȺȻȰȵȾȻȼȹȻȳȷȫ ȳȶȳ ȰȶȰȵȽȻȹɀȰȷȳɒȼȵȹȷ ȯȰȺȹȲȳɁȳɒȹȷ. Țȹȯ 

ȽȰȻȷȳɂȵȳȷ ȳȶȳ ȷȰɀȫȸȳɂȵȳȷ ȼȽȻȰȼȹȷ, ȫȯȫȽȹȷȳ ȷȹȮȾ ȯȫ ȯȰȼȹȻȬȾɒȾ ȳȶȳ ȷȳȮȻȳȻȫɒȾ, ȹȮȻȫȸȳɂȫȭȫɒȾɕȳ 

ȽȻȫɒȸȹȼȽ ȷȫȽȰȻȳɒȫȶȫ, ȳ ȾȻȰɌȫɒȫ Ⱦ ȵȹȷ Ȭȳ ȼȰ ȹȸ ȵȹȻȳȼȽȳȹ.  

ȜȾȺȼȽȳȽȾɁȳȹȸȹ ȯȹȺȳȻȫɔȰ ȾȮȻȫɌȾɒȰ ɀȰȽȰȻȹȫȽȹȷȰ (ȸȺȻ. ȫȲȹȽ ȳȶȳ ȬȹȻ) ȯȳȻȰȵȽȸȹ Ⱦ ȮȻȫȿȰȸȼȵȾ 

ȻȰɃȰȽȵȾ, ȲȫȷȰɔȾɒȾɕȳ ȾȮɓȰȸȳȵȹȭȰ ȫȽȹȷȰ. ȋȲȹȽ, ȼȫ ȺȰȽ ȭȫȶȰȸȽȸȳɀ ȰȶȰȵȽȻȹȸȫ, ȯȹȸȳȻȫ ȰȶȰȵȽȻȹȸȰ 

ȳȲȫȲȳȭȫɒȾɕȳ n-ȽȳȺ ȯȹȺȳȻȫɔȫ. șȭȹ ȼȰ ȷȫȸȳȿȰȼȽȾɒȰ Ⱦ ȵȹȸȿȳȮȾȻȫɁȳɒȫȷȫ ȺȹȺȾȽ ȮȻȫȿȳȽȸȹȮ ȫȲȹȽȫ 

(ȳȸȽȰȮȻȳȼȫȸ Ⱦ ɀȰȵȼȫȮȹȸȰ) ȳȶȳ ȺȳȻȳȯȳȸȼȵȹȮ ȫȲȹȽȫ (ȸȫ ȳȭȳɂȸȳȷ ȷȰȼȽȳȷȫ), ȮȯȰ ȼȭȫȵȫ ȯȫɒȰ ȻȫȲȶȳɂȳȽȰ 

ȰȶȰȵȽȻȹȸȼȵȰ ȰȿȰȵȽȰ. ȋȲȹȽȹȷ ȯȹȺȳȻȫȸȳ ȮȻȫȿȰȸ ȺȹȵȫȲȾɒȰ ȺȹȭȰɕȫȸȾ ȺȻȹȭȹȯɓȳȭȹȼȽ ȳ ȵȫȽȫȶȳȽȳɂȵȾ 

ȫȵȽȳȭȸȹȼȽ, ȸȫȯȷȫɃȾɒȾɕȳ ȺȶȫȽȳȸȾ Ⱦ ORR [8,60]. ȌȹȻ, ȼȫ ȽȻȳ ȭȫȶȰȸȽȸȫ ȰȶȰȵȽȻȹȸȫ, ȺȻȳȷȫ ȰȶȰȵȽȻȹȸȰ, 

ȼȽȭȫȻȫɒȾɕȳ p-ȽȳȺ ȯȹȺȳȻȫɔa. ȌȹȻȹȷ ȯȹȺȳȻȫȸȳ ȮȻȫȿȰȸ ȺȹȵȫȲȾɒȰ ȯȹȬȻȰ ȺȰȻȿȹȻȷȫȸȼȰ ȼȵȶȫȯȳɃȽȰɔȫ 

Li+ ȳ ȗg2+ ɒȹȸȫ, ɃȽȹ ȹȽȭȫȻȫ ȷȹȮȾɕȸȹȼȽ ȵȹȻȳɃɕȰɔȫ ȵȫȹ ȫȸȹȯȸȹȮ ȷȫȽȰȻȳɒȫȶȫ Ⱦ ȬȫȽȰȻȳɒȫȷȫ ȳ 

ȼȾȺȰȻȵȹȸȯȰȸȲȫȽȹȻȳȷȫ [61ð63]. șȭȳ ȯȹȺȫȸȽȳ ȼȰ ȹȬȳɂȸȹ ȾȮȻȫɌȾɒȾ Ƚȹȵȹȷ ȼȳȸȽȰȲȰ ȵȻȹȲ CVD ȼȫ 

ȫȷȹȸȳɒȫȵȹȷ ȳȶȳ ȬȹȻȫȸȹȭȳȷ ȺȻȰȵȾȻȼȹȻȳȷȫ, ȯȹȵ ȼȾ ȽȻȰȽȷȫȸȳ ȺȶȫȲȷȹȷ ȳ ȳȷȺȶȫȸȽȫɁȳɒȫ ɒȹȸȼȵȳȷ 

ȼȸȹȺȹȭȳȷȫ ȫȶȽȰȻȸȫȽȳȭȰ ȸȫȵȹȸ ȼȳȸȽȰȲȰ. ȗȰȽȫȶȸȳ ȫȯȼȹȻȬȫȽȳ, ȵȫȹ ɃȽȹ ȼȾ ȵȶȫȼȽȰȻȳ ȺȶȫȽȳȸȰ, 

ȺȹȬȹɓɃȫȭȫɒȾ ȵȫȽȫȶȳȽȳɂȵȾ ȫȵȽȳȭȸȹȼȽ Ȳȫ ȺȻȳȷȰȸȾ Ⱦ ȮȹȻȳȭȸȳȷ ɕȰȶȳɒȫȷȫ [64]. NDG ȵȫȽȫȶȳȲȾɒȰ 

ȻȰȫȵɁȳɒȾ ȹȵȼȳȯȫɁȳɒȰ ȷȰȽȫȸȹȶȫ, ȯȹȵ ȬȹȻȹȷ-ȯȹȺȳȻȫȸȳ ȮȻȫȿȰȸ ȹȵȼȳȯȾɒȰ ȾȮɓȰȸ-ȷȹȸȹȵȼȳȯ 

ȰȿȳȵȫȼȸȳɒȰ ȹȯ ɂȳȼȽȳɀ ȮȻȫȿȰȸȼȵȳɀ ȭȻȼȽȫ [65,66]. 
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1.3. șȼȸȹȭȳ ȳ ȺȻȳȷȰȸȫ ȝȰȹȻȳɒȰ ȿȾȸȵɁȳȹȸȫȶȫ ȮȾȼȽȳȸȰ Ⱦ ȘȫȾɁȳ ȹ 

ȷȫȽȰȻȳɒȫȶȳȷȫ 

ȕȭȫȸȽȸȫ ȷȰɀȫȸȳȵȫ ȹȷȹȮȾɕȫȭȫ ȳȲȻȫɂȾȸȫȭȫɔȰ ȼȭȹɒȼȽȫȭȫ ȭȰȶȳȵȹȮ ȬȻȹɒȫ ȼȾȺȼȽȫȸɁȳɒȫ ð ȹȯ ȫȽȹȷȫ 
ȳ ȷȹȶȰȵȾȶȫ ȯȹ ȼȶȹȱȰȸȳɒȳɀ ȼȳȼȽȰȷȫ ð ȼȫ ȭȰȶȳȵȹȷ ȺȻȰɁȳȲȸȹɃɕȾ. șȭȫɒ ȺȻȹɁȰȼ ȹȬȳɂȸȹ ȾȵɓȾɂȾɒȰ 
ȻȰɃȫȭȫɔȰ ȣȻȰȯȳȸȮȰȻȹȭȰ ɒȰȯȸȫɂȳȸȰ Ȳȫ ȹȯȻȰɌȰȸȳ ȼȳȼȽȰȷ, ɂȳȷȰ ȼȰ ȯȹȬȳɒȫ ɔȰȮȹȭȫ Ƚȫȶȫȼȸȫ 
ȿȾȸȵɁȳɒȫ, ȵȹɒȫ ȼȫȯȻȱȳ ȼȭȰ ȻȰȶȰȭȫȸȽȸȰ ȳȸȿȹȻȷȫɁȳɒȰ ȹ ȼȳȼȽȰȷȾ. ȗȰɌȾȽȳȷ, ȫȸȫȶȳȽȳɂȵȫ 
ȻȰɃȰɔȫ ȣȻȰȯȳȸȮȰȻȹȭȰ ɒȰȯȸȫɂȳȸȰ ȷȹȮȾ ȼȰ ȹȯȻȰȯȳȽȳ ȳȼȵɓȾɂȳȭȹ Ȳȫ ɒȰȯȸȹȼȽȫȭȸȰ ɒȰȯȸȹȰȶȰȵȽȻȹȸȼȵȰ 
ȼȳȼȽȰȷȰ, ȺȹȺȾȽ ȭȹȯȹȸȳȵȹȭȹȮ ȫȽȹȷȫ ȳȶȳ ɔȰȷȾ ȼȶȳɂȸȳɀ ɒȹȸȫ. ȕȹȯ ȼȶȹȱȰȸȳɒȳɀ ȼȳȼȽȰȷȫ ȼȫ ȭȳɃȰ 
ȰȶȰȵȽȻȹȸȫ, ȳȸȽȰȻȫȵɁȳɒȫ ȰȶȰȵȽȻȹȸȫ ȯȹȭȹȯȳ ȯȹ ȼȺȻȰȮȰ ɔȳɀȹȭȳɀ ȵȹȹȻȯȳȸȫȽȫ Ⱦ ȳȲȻȫȲȾ Ȳȫ 
ȺȹȽȰȸɁȳɒȫȶȸȾ ȰȸȰȻȮȳɒȾ, ɃȽȹ ɂȳȸȳ ȰȮȲȫȵȽȸȹ ȻȰɃȫȭȫɔȰ ɒȰȯȸȫɂȳȸȰ ȸȰȷȹȮȾɕȳȷ. 

Ȟ Ƚȫȵȭȳȷ ȼȶȾɂȫɒȰȭȳȷȫ, ȷȹȱȰ ȼȰ ȺȻȳȷȰȸȳȽȳ ȌȹȻȸ-șȺȰȸɀȫɒȷȰȻȹȭȫ ȫȺȻȹȵȼȳȷȫɁȳɒȫ [67], Ⱥȹ 
ȵȹɒȹɒ ȼȰ ȣȻȰȯȳȸȮȰȻȹȭȫ ɒȰȯȸȫɂȳȸȫ ȷȹȱȰ ȻȫȲȯȰȶȳȽȳ ȸȫ ȸȾȵȶȰȫȻȸȳ ȳ ȰȶȰȵȽȻȹȸȼȵȳ ȯȰȹ, ȲȫȽȹ ɃȽȹ ɒȰ 
ȰȶȰȵȽȻȹȼȽȫȽȳɂȵȫ ȳȸȽȰȻȫȵɁȳɒȫ ȳȲȷȰɌȾ ȺȻȹȽȹȸȫ ȳ ȰȶȰȵȽȻȹȸȫ ȳȼȽȹȭȰȽȸȫ, ȫ ȷȫȼȫ ɒȰȲȮȻȫ ȲȸȫȽȸȹ 
ȺȻȰȭȫȲȳȶȫȲȳ ȷȫȼȾ ȰȶȰȵȽȻȹȸȫ, șȭȹ ȹȶȫȵɃȫȭȫ ȻȰɃȫȭȫɔȰ ȰȶȰȵȽȻȹȸȼȵȹȮ ȺȻȹȬȶȰȷȫ Ȳȫ ȿȳȵȼȸȰ 
ȵȹȸȿȳȮȾȻȫɁȳɒȰ ɒȰȲȮȫȻȫ, ȵȹɒȫ ȼȰ ȼȷȫȽȻȫɒȾ ȸȰȺȹȵȻȰȽȸȳȷ. Ȓȫ ȼȳȼȽȰȷ ȼȫ N ȰȶȰȵȽȻȹȸȫ Ⱦ ȺȹɓȾ M ɒȰȲȮȫȻȫ, 
ȸȰȻȰȶȫȽȳȭȳȼȽȳɂȵȫ ȣȻȰȯȳȸȮȰȻȹȭȫ ɒȰȯȸȫɂȳȸȫ (ȳȲȻȫȱȰȸȫ Ⱦ ȫȽȹȷȼȵȳȷ ɒȰȯȳȸȳɁȫȷȫ) ȳȷȫ ȹȬȶȳȵ: 

 
 

ρ

ς
ɝ

ὤ

ὶ

ρ

ὶ
 ‪ὶȣὶ Ὁ‪ὶȣὶ  (1) 

 

 
ǃi ɒȰ ȖȫȺȶȫȼȹȭ ȹȺȰȻȫȽȹȻ ȵȹȹȻȯȳȸȫȽȫ i-ȽȹȮ ȰȶȰȵȽȻȹȸȫ, Zȋ ȫȽȹȷȼȵȳ ȬȻȹɒ ɒȰȲȮȻȫ ȋ, riA ȻȫȼȽȹɒȫɔȰ 
ȳȲȷȰɌȾ i-ȽȹȮ ȰȶȰȵȽȻȹȸȫ ȳ ȋ-ȽȹȮ ɒȰȲȮȻȫ, riɒ ȻȫȼȽȹɒȫɔȰ ȳȲȷȰɌȾ i-ȽȹȮ ȳ ɒ-ȽȹȮ ȰȶȰȵȽȻȹȸȫ, Ȑ ɒȰ ȾȵȾȺȸȫ 
ȰȸȰȻȮȳɒȫ ȼȳȼȽȰȷȫ, ȫ Ƕ Ƚȫȶȫȼȸȫ ȿȾȸȵɁȳɒȫ, ȵȹɒȫ ȼȰ ȯȹȬȳɒȫ ȵȫȹ ȻȰȲȾȶȽȫȽ ȻȰɃȫȭȫɔȫ ɒȰȯȸȫɂȳȸȰ. ȜȻȰȯɔȫ 

ȭȻȰȯȸȹȼȽ ȹȺȼȰȻȭȫȬȶȰ  ȼȰ ȸȫȵȹȸ ȽȹȮȫ ȯȹȬȳɒȫ ȵȫȹ: 
 
 

ộ/Ớ
‪ ‪

ἂ‪ȿ‪ἃ
 (2) 

 
 
ȕȫȹ ɃȽȹ ɒȰ ȻȫȸȳɒȰ ȳȼȽȫȵȸȾȽȹ, ȫȸȫȶȳȽȳɂȵȹ ȻȰɃȫȭȫɔȰ ȣȻȰȯȳȸȮȰȻȹȭȰ ɒȰȯȸȫɂȳȸȰ ɒȰ 

ȸȰȳȲȭȹȯɓȳȭȹ Ȳȫ ȭȰɕȳȸȾ ȼȳȼȽȰȷȫ, ɃȽȹ ɒȰ ȺȹȯȼȽȫȵȶȹ ȻȫȲȭȹɒ ȬȻȹɒȸȳɀ ȫȺȻȹȵȼȳȷȫȽȳȭȸȳɀ ȷȰȽȹȯȫ Ȳȫ 
ȺȻȹȻȫɂȾȸ ȼȭȹɒȼȽȫȭȫ ȼȳȼȽȰȷȫ ȵȻȹȲ ȽȫȶȫȼȸȾ ȿȾȸȵɁȳɒȾ. ȕȫȯȫ ɒȰ ȬȻȹɒ ȰȶȰȵȽȻȹȸȫ ȻȰȶȫȽȳȭȸȹ ȷȫȶȳ 
(ȸȰȵȹȶȳȵȹ ȯȰȼȰȽȳȸȫ), ȹȭȰ ȷȰȽȹȯȰ ȯȫɒȾ ȻȰȲȾȶȽȫȽȰ ȵȹɒȳ ȼȰ ȯȹȬȻȹ ȼȶȫȱȾ ȼȫ ȰȵȼȺȰȻȳȷȰȸȽȫȶȸȳȷ 
ȺȹȯȫɁȳȷȫ, ȾȲ ȷȫȶȳ ȾȽȻȹɃȫȵ ȻȫɂȾȸȫȻȼȵȳɀ ȻȰȼȾȻȼȫ. ȗȰɌȾȽȳȷ, ȵȹȯ ȼȳȼȽȰȷȫ ȼȫ ȼȽȹȽȳȸȫȷȫ ȳȶȳ 
ɀȳɓȫȯȫȷȫ ȰȶȰȵȽȻȹȸȫ (ȵȫȹ ɃȽȹ ɒȰ ȼȶȾɂȫɒ Ⱦ ɂȭȻȼȽȹȷ ȼȽȫɔȾ), ȺȻȹȸȫȶȫȱȰɔȰ ȺȻȰɁȳȲȸȰ ȽȫȶȫȼȸȰ 
ȿȾȸȵɁȳɒȰ ȺȹȼȽȫɒȰ ȳȲȾȲȰȽȸȹ ȻȫɂȾȸȫȻȼȵȳ ȲȫɀȽȰȭȸȹ, ȫ ȼȫ ȺȹȭȰɕȫɔȰȷ ȬȻȹɒȫ ɂȰȼȽȳɁȫ, ȹȭȫɒ ȺȻȹɁȰȼ ɒȰ 
ȺȻȫȵȽȳɂȸȹ ȸȰȳȲȭȹȯɓȳȭ ȳ ȼȫ ȼȫȭȻȰȷȰȸȳȷ ȽȰɀȸȹȶȹȮȳɒȫȷȫ. 

Ȓȫ ȳȲȻȫɂȾȸȫȭȫɔȰ ȼȭȹɒȼȽȫȭȫ Ƚȫȵȭȳɀ ȼȳȼȽȰȷȫ, ȽȰȹȻȳɒȫ ȿȾȸȵɁȳȹȸȫȶȫ ȮȾȼȽȳȸȰ ȯȫɒȰ ȸȫɂȳȸ Ȳȫ 
ȲȫȹȬȳȶȫȱȰɔȰ ȽȰ ȺȻȰȺȻȰȵȰ. ȆȰȸȾ ȹȼȸȹȭȾ ɂȳȸȳ ȠȹȰȸȬȰȻȮ-ȕȹȸȹȭȫ ȽȰȹȻȰȷȫ (Ƞȕ) [68] ȵȹɒȫ ȺȹȵȫȲȾɒȰ 
ȯȫ ȰȶȰȵȽȻȹȸȼȵȫ ȮȾȼȽȳȸȫ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ ȼȳȼȽȰȷȫ ȳȸȽȰȻȫȮȾɒȾɕȳɀ ȰȶȰȵȽȻȹȸȫ Ⱦ ȸȰȵȹȷ ȼȺȹɓȫɃɔȰȷ 
ȺȹȽȰȸɁȳɒȫȶȾ ǳ(r) ɒȰȯȸȹȲȸȫɂȸȹ ȹȯȻȰɌȾɒȰ Ƚȫɒ ȺȹȽȰȸɁȳɒȫȶ. ȝȫȶȫȼȸȫ ȿȾȸȵɁȳɒȫ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ, ǖ0, ɒȰ 
ȼȽȹȮȫ ȿȾȸȵɁȳȹȸȫȶ ȰȶȰȵȽȻȹȸȼȵȰ ȮȾȼȽȳȸȰ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ, n0(r). ȟȾȸȵɁȳȹȸȫȶȳ ȼȾ ȷȫȽȰȷȫȽȳɂȵȫ 
ȺȻȫȭȳȶȫ ȵȹɒȫ ȼȭȫȵȹɒ ȿȾȸȵɁȳɒȳ (Ⱦ ȹȭȹȷ ȵȹȸȽȰȵȼȽȾ ð ȭȰȵȽȹȻȾ ȼȽȫɔȫ) ȯȹȯȰɓȾɒȾ ȹȯȻȰɌȰȸȾ ȼȵȫȶȫȻȸȾ 
ȭȻȰȯȸȹȼȽ, ȵȹɒȫ ɒȰ Ⱦ ȹȭȹȷ ȼȶȾɂȫɒȾ ȰȶȰȵȽȻȹȸȼȵȫ ȮȾȼȽȳȸȫ. 
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ȓȲ ȽȰȹȻȰȷȰ ȼȶȰȯȳ ȯȫ ȼȾ ȵȫȻȫȵȽȰȻȳȼȽȳȵȰ ȼȳȼȽȰȷȫ ȵȹɒȰ ȼȰ ȷȹȮȾ ȳȲȻȫɂȾȸȫȽȳ ȸȫ ȹȼȸȹȭȾ ȽȫȶȫȼȸȰ 

ȿȾȸȵɁȳɒȰ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ ȽȫȵȹɌȰ ȿȾȸȵɁȳȹȸȫȶȳ ȰȶȰȵȽȻȹȸȼȵȰ ȮȾȼȽȳȸȰ. Ȓȫ ȹȺȼȰȻȭȫȬȶȾ  ȹȸȯȫ ȭȫȱȳ: 
 

ộ/Ớ ὕὲ  (3) 

Ȓȫ ɀȫȷȳȶȽȹȸȳɒȫȸ ȼȳȼȽȰȷȫ, ȿȾȸȵɁȳȹȸȫȶ ȰȸȰȻȮȳɒȰ ɒȰ ȯȫȽ ȳȲȻȫȲȹȷ: 
 

Ὁ Ὁὲ ộὝ ὠỚ ộὠỚ Ὂ ὲ ὲ ὶᴆὺὶᴆὨὶȟᴆ (4) 

 

ȮȯȰ ɒȰ n0 ȰȶȰȵȽȻȹȸȼȵȫ ȮȾȼȽȳȸȫ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ, Ὕ ȹȺȰȻȫȽȹȻ ȵȳȸȰȽȳɂȵȰ ȰȸȰȻȮȳɒȰ ȰȶȰȵȽȻȹȸȫ, ὠ  

ȹȺȰȻȫȽȹȻ ȺȹȽȰȸɁȳɒȫȶȸȰ ȰȸȰȻȮȳɒȰ ȷȰɌȾȼȹȬȸȰ ȳȸȽȰȻȫȵɁȳɒȰ ȰȶȰȵȽȻȹȸȫ, ὠ  ȹȺȰȻȫȽȹȻ ȺȹȽȰȸɁȳɒȫȶȸȰ 
ȰȸȰȻȮȳɒȰ ȳȸȽȰȻȫȵɁȳɒȰ ɒȰȲȮȫȻȫ ȳ ȰȶȰȵȽȻȹȸȫ, ǳ(r) ȼȺȹɓȫɃɔȳ ȺȹȽȰȸɁȳɒȫȶ (ȫȽȹȷȼȵȳɀ ɒȰȲȮȫȻȫ), a 
FHK(n(r)) ɒȰ ȠȹȰȸȬȰȻȮ-ȕȹȸȹȭ ȿȾȸȵɁȳȹȸȫȶ. 

ȐȸȰȻȮȳɒȫ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ ɒȰ ȸȫɒȸȳȱȫ ȰȸȰȻȮȳɒȫ ȯȫȽȹȮ ȼȳȼȽȰȷȫ, Ⱥȫ Ȳȫ ȸȰȵȾ ȺȻȹȬȸȾ ȮȾȼȽȳȸȾ np(r) 
ȭȫȱȳ E0 Ò E(np). Șȫ ȹȭȫɒ ȸȫɂȳȸ ɒȰ ȷȹȮȾɕȰ ȭȫȻȳɒȫɁȳȹȸȹ ȻȰɃȫȭȫɔȰ ȰȶȰȵȽȻȹȸȼȵȰ ȮȾȼȽȳȸȰ ȹȼȸȹȭȸȹȮ 
ȼȽȫɔȫ, ɃȽȹ ȯȹȯȫȽȸȹ ȾȺȻȹɃɕȫȭȫ ȲȫɀȽȰȭȸȹȼȽ ȻȫɂȾȸȫ, ɒȰȻ ɒȰ n(r) ȿȾȸȵɁȳɒȫ ȼȫȷȹ ȽȻȳ ȺȻȹȼȽȹȻȸȰ 
ȵȹȹȻȯȳȸȫȽȰ, ȯȹȵ ǖ Ȳȫȭȳȼȳ ȹȯ 3N ȵȹȹȻȯȳȸȫȽȫ. ȓȲȻȫɂȾȸȫȭȫɔȰ ȼȰ ȭȻɃȳ ȭȫȻȳȻȫɔȰȷ ȰȶȰȵȽȻȹȸȼȵȰ 
ȮȾȼȽȳȸȰ ȯȹȵ ȼȰ ȸȰ ȯȹȬȳɒȰ ȷȳȸȳȷȫȶȸȫ ȭȻȰȯȸȹȼȽ ȰȸȰȻȮȳɒȰ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ. șȺɃȽȫ ȿȹȻȷȫ Ƞȕ 
ȿȾȸȵɁȳȹȸȫȶȫ ȸȳɒȰ ȺȹȲȸȫȽȫ, ȫȶȳ ȵȫȵȹ ȳȲȻȫȲ Ȳȫ FHK Ⱦ ȼȰȬȳ ȸȰ ȼȫȯȻȱȳ ȳȸȿȹȻȷȫɁȳɒȰ ȹ ȺȹȶȹȱȫɒȾ 
ɒȰȲȮȫȻȫ, ȹȸ ɒȰ ȾȸȳȭȰȻȲȫȶȫȸ Ȳȫ ȼȭȫȵȳ ȭȳɃȰȰȶȰȵȽȻȹȸȼȵȳ ȼȳȼȽȰȷ.  

ȓȫȵȹ Ƞȕ ȽȰȹȻȰȷȫ ȺȻȾȱȫ ȹȼȸȹȭȾ Ȳȫ ȻȰɃȫȭȫɔȰ, ȳ ȯȫɓȰ ȹȼȽȫɒȰ ȺȻȹȬȶȰȷ ȳȲȻȫɂȾȸȫȭȫɔȫ ȸȰȵȰ 
ȿȳȲȳɂȵȰ ȭȰȶȳɂȳȸȰ, ȸȺȻ. ȰȸȰȻȮȳɒȰ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ, ȺȻȰȵȹ ȰȶȰȵȽȻȹȸȼȵȰ ȮȾȼȽȳȸȰ, ȹȯȸȹȼȸȹ ȯȹȶȫȱȰɔȫ 
ȯȹ n0(r) ȬȰȲ ȹȯȻȰɌȳȭȫɔȫ ȹȯȮȹȭȫȻȫɒȾɕȰ ȽȫȶȫȼȸȰ ȿȾȸȵɁȳɒȰ. ȚȻȳȷȰȸȾ Ƞȕ ȽȰȹȻȰȷȰ ȹȷȹȮȾɕȾɒȾ ȕȹȸ-
ȣȫȷȹȭȰ (ȕȣ) ɒȰȯȸȫɂȳȸȰ, ȵȹɒȳȷȫ ȼȰ ȭȳɃȰȰȶȰȵȽȻȹȸȼȵȳ ȼȳȼȽȰȷ ȽȻȰȽȳȻȫ ȵȫȹ ȼȵȾȺ ȸȰȳȸȽȰȻȫȮȾɒȾɕȳɀ 
ȰȶȰȵȽȻȹȸȫ Ⱦ ȼȺȹɓȫɃɔȰȷ ȺȹȽȰȸɁȳɒȫȶȾ, ȼȶȳɂȸȹ ȠȫȻȽȻȳ-ȟȹȵȹȭȹɒ ȷȰȽȹȯȳ. ȐȶȰȵȽȻȹȸȼȵȫ ȮȾȼȽȳȸȫ ȼȰ 
Ƚȫȯȫ ȳȲȻȫɂȾȸȫȭȫ ȵȫȹ ȼȾȷȫ ȵȭȫȯȻȫȽȫ ȷȹȯȾȶȫ ɒȰȯȸȹɂȰȼȽȳɂȸȳɀ ȼȽȫɔȫ (ȕȣ ȹȻȬȳȽȫȶȫ), ȵȹɒȫ ȼȰ ȯȹȬȳɒȫɒȾ 
ȻȰɃȫȭȫɔȰȷ ɒȰȯȸȹɂȰȼȽȳɂȸȳɀ ȕȣ ɒȰȯȸȫɂȳȸȫ: 

ᴐ

ςά
ɝ ὠὶ

Ὡὲὶ

ȿὶ ὶȿ
Ὠὶ

‬Ὁ ὲ

‬ὲὶ
‰ ὶ ‐‰ ὶȟ (5) 

 

ȮȯȰ ɒȰ ‰ ȕȣ ȹȻȬȳȽȫȶȫ i-te ɂȰȼȽȳɁȰ, Exc ȰȸȰȻȮȳɒȫ ȵȹȻȰȶȫɁȳɒȰ ȳ ȳȲȷȰȸȰ. ȚȫȻɁȳɒȫȶȸȳ ȳȲȭȹȯ Exc Ⱥȹ 
ȰȶȰȵȽȻȹȸȼȵȹɒ ȮȾȼȽȳȸȳ ȺȻȰȯȼȽȫȭɓȫ ȺȹȽȰȸɁȳɒȫȶ ȵȹȻȰȶȫɁȳɒȰ ȳ ȳȲȷȰȸȰ [69]. ȐȶȰȵȽȻȹȸȼȵȫ ȮȾȼȽȳȸȫ N 
ȰȶȰȵȽȻȹȸȫ ɒȰ ȹȸȯȫ ȯȫȽȫ ȵȫȹ: 
 

ὲὶ ȿה ὶȿ  (6) 

 
țȰɃȫȭȫɔȰ ȕȣ ɒȰȯȸȫɂȳȸȫ ȼȺȻȹȭȹȯȳ ȼȰ ȳȽȰȻȫȽȳȭȸȳȷ ȺȾȽȰȷ ð ȺȻȭȹ ȼȰ ȲȫȯȫɒȰ ȺȻȹȬȸȫ ȮȾȼȽȳȸȫ 

ȸȫȰȶȰȵȽȻȳȼȫɔȫ, np, ɃȽȹ ȷȹȱȰ ȬȳȽȳ ȼȾȺȰȻȺȹȲȳɁȳɒȫ ȰȶȰȵȽȻȹȸȼȵȳɀ ȮȾȼȽȳȸȫ ȫȽȹȷȫ ȵȹɒȳ ɂȳȸȰ ȼȳȼȽȰȷ, 
ȫ ȲȫȽȳȷ ȼȰ ȻȰɃȫȭȫ ȼȭȹɒȼȽȭȰȸȳ ɒȰȯȸȹȰȶȰȵȽȻȹȸȼȵȳ ȺȻȹȬȶȰȷ. Șȋ Ƚȫɒ ȸȫɂȳȸ ȯȹȬȳɒȫ ȼȰ ȼȵȾȺ ȕȣ 

ȹȻȬȳȽȫȶȫ ‰ ȺȹȷȹɕȾ ȵȹɒȳɀ ȼȰ ȺȹȽȹȷ ȻȫɂȾȸȫ ȰȶȰȵȽȻȹȸȼȵȫ ȮȾȼȽȳȸȫ n1, ȵȹɒȫ ȼȰ ȸȫɒɂȰɃɕȰ ȻȫȲȶȳȵȾɒȰ ȹȯ 
np. ȍȻȰȯȸȹȼȽ n1 ȼȰ ȲȫȽȳȷ ȵȹȻȳȼȽȳ Ⱦ ȸȫȻȰȯȸȹɒ ȳȽȰȻȫɁȳɒȳ, ȸȫȵȹȸ ɂȰȮȫ ȼȰ ȯȹȬȳɒȫ ȼȶȰȯȰɕȳ ȼȵȾȺ ȕȣ 
ȼȽȫɔȫ, ȫ ȺȹȽȹȷ ȳȲȻȫɂȾȸȫȭȫ n2, ȳȽȯ. ȚȹȼȽȾȺȫȵ ȼȰ Ⱥȹȸȫȭɓȫ ȯȹ ȾȼȫȮȶȫɃȰɔȫ ȺȻȹȬȸȰ ȳ ȳȲȻȫɂȾȸȫȽȰ 
ȰȶȰȵȽȻȹȸȼȵȰ ȮȾȼȽȳȸȰ, Ⱦ ȹȵȭȳȻȾ ȸȰȵȹȮ ȵȻȳȽȰȻȳɒȾȷȫ ȵȹȸȭȰȻȮȰȸɁȳɒȰ.  

Ȓȫ ȿȾȸȵɁȳȹȸȫȶȰ ȵȹȻȰȶȫɁȳɒȰ ȳ ȳȲȷȰȸȰ, ɂȳɒȳ Ƚȫɂȫȸ ȹȬȶȳȵ ɂȰȼȽȹ ȸȳɒȰ ȺȹȲȸȫȽ, ȵȹȻȳȼȽȰ ȼȰ 
ȻȫȲȶȳɂȳȽȰ ȫȺȻȹȵȼȳȷȫɁȳɒȰ, ȵȫȹ ɃȽȹ ȼȾ ȫȺȻȹȵȼȳȷȫɁȳɒȫ ȶȹȵȫȶȸȰ ȮȾȼȽȳȸȰ (ȰȸȮȶ. local density 
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approximation, LDA [69]) ȳ ȮȰȸȰȻȫȶȳȲȹȭȫȸȫ ȮȻȫȯȳɒȰȸȽȸȫ ȫȺȻȹȵȼȳȷȫɁȳɒȫ (ȰȸȮȶ. generalized gradient 
approximation, GGA [70]). Ȟ ȹȵȭȳȻȾ LDA ȺȻȰȽȺȹȼȽȫȭɓȫ ȼȰ ȯȫ ȮȾȼȽȳȸȫ ȸȫȰȶȰȵȽȻȳȼȫɔȫ ȼȶȫȬȹ 
ȭȫȻȳȻȫ Ⱦ ȺȻȹȼȽȹȻȾ, Ƚȫȵȹ ȯȫ ȼȳȼȽȰȷ ȽȻȰȽȳȻȫ ȵȫȹ ȳȯȰȫȶȫȸ ȰȶȰȵȽȻȹȸȼȵȳ Ȯȫȼ. ȓȫȵȹ ȳȲȮȶȰȯȫ ȯȫ Ȭȳ 
ȹȭȫȵȭȫ ȫȺȻȹȵȼȳȷȫɁȳɒȫ Ȭȳȶȫ ȺȹȾȲȯȫȸȫ ȼȫȷȹ Ȳȫ ȼȳȼȽȰȷȰ ȼȫ ȼȶȫȬȹ ȭȫȻȳȻȫɒȾɕȹȷ ȮȾȼȽȳȸȹȷ 
ȸȫȰȶȰȵȽȻȳȼȫɔȫ, ȹȸȫ ȳȺȫȵ ɂȰȼȽȹ ȯȫɒȰ ȲȫȯȹȭȹɓȫȭȫɒȾɕȰ ȻȰȲȾȶȽȫȽȰ ð ɃȽȹ ȼȰ ȯȹȸȰȵȶȰ ȷȹȱȰ ȹȬɒȫȼȸȳȽȳ 
ȵȹȷȺȰȸȲȫɁȳɒȹȷ ȮȻȰɃȫȵȫ: ȺȻȰȵȹȷȰȻȸȳȷ ȺȻȹɁȰɔȳȭȫɔȰȷ ȰȸȰȻȮȳɒȰ ȵȹȻȰȶȫɁȳɒȰ ȳ ȺȹȽɁȰɔȳȭȫɔȰȷ 
ȰȸȰȻȮȳɒȰ ȳȲȷȰȸȰ [71]. ȓȺȫȵ, ȲȬȹȮ ȸȰȯȹȭȹɓȸȰ ȽȫɂȸȹȼȽȳ ȺȻȳȷȰȸȫ ɒȰ ȹȮȻȫȸȳɂȰȸȫ ȾȮȶȫȭȸȹȷ ȸȫ ȿȳȲȳȵȾ 
ɂȭȻȼȽȹȮ ȼȽȫɔȫ, ȳ ȸȰȵȳ ȹȯ ȺȻȹȬȶȰȷȫ ȵȹɒȳ ȼȰ ȷȹȮȾ ȺȹɒȫȭȳȽȳ ȺȻȳȶȳȵȹȷ ȺȻȳȷȰȸȰ LDA ȼȾ ȺȻȰȭȳɃȰ 
ɒȫȵȹ ȭȰȲȳȭȫɔȰ Ⱦ ȷȹȶȰȵȾȶȼȵȳȷ ȳ ɂȭȻȼȽȳȷ ȼȳȼȽȰȷȳȷȫ [72,73] ȵȫȹ ȳ ȶȹɃȰ ȺȻȹɁȰȸȰ ȭȻȰȯȸȹȼȽȳ 
ɃȳȻȳȸȰ ȲȫȬȻȫɔȰȸȰ ȲȹȸȰ ȺȹȶȾȺȻȹȭȹȯȸȳȵȫ [74]. ȕȹȯ GGA ȺȻȳȼȽȾȺȫ, Ⱦ ȳȲȻȫȲ Ȳȫ ȿȾȸȵɁȳȹȸȫȶ 
ȵȹȻȰȶȫɁȳɒȰ ȳ ȳȲȷȰȸȰ ȾȵɓȾɂȰȸ ɒȰ ȳ ȮȻȫȯȳɒȰȸȽ ȰȶȰȵȽȻȹȸȼȵȰ ȮȾȼȽȳȸȰ, ɃȽȹ ȹȷȹȮȾɕȫȭȫ ȯȫ ȼȰ ȹȸȫ ȷȰɔȫ Ⱦ 
ȺȻȹȼȽȹȻȾ. ȟȾȸȵɁȳȹȸȫȶ ȵȹɒȳ ȼȰ ɂȰȼȽȹ ȺȻȳȷȰɔȾɒȰ Ⱦ GGA ȺȻȳȼȽȾȺȾ je Perdew ð Burke ð Ernzerhof 
(PBE) [75], ȫȶȳ ȺȹȼȽȹɒȳ ȭȰȶȳȵȳ ȬȻȹɒ ȿȾȸȵɁȳȹȸȫȶȫ ȳȲȷȰȸȰ ȳ ȿȾȸȵɁȳȹȸȫȶȫ ȵȹȻȰȶȫɁȳɒȰ, ȵȹɒȳ ȼȰ 
ȷȰɌȾȼȹȬȸȹ ȷȹȮȾ ȵȹȷȬȳȸȹȭȫȽȳ.  

Ȓȫ ȕȣ ȹȻȬȳȽȫȶȰ ȷȹȮȾ ȼȰ ȵȹȻȳȼȽȳȽȳ ȻȫȲȶȳɂȳȽȰ ȿȾȸȵɁȳɒȰ ȸȫɒɂȰɃɕȰ ȫȽȹȷȼȵȰ ȹȻȬȳȽȫȶȰ, 
ȿȾȸȵɁȳɒȰ ȎȫȾȼȹȭȹȮ ȽȳȺȫ, ȳȽȯ. Ȟ ȳȲȻȫɂȾȸȫȭȫɔȾ ȼȭȹɒȼȽȫȭȫ ȼȳȼȽȰȷȫ Ⱦ ɂȭȻȼȽȹȷ ȼȽȫɔȾ, ȺȰȻȳȹȯȳɂȸȹȼȽ 
ȵȻȳȼȽȫȶȸȰ ȻȰɃȰȽȵȰ ȹȷȹȮȾɕȫȭȫ ȯȫ ȼȰ ȵȫȹ ȬȫȲȸȳ ȼȵȾȺ ȵȹȻȳȼȽȰ Ȼȫȭȸȳ Ƚȫȶȫȼȳ, Ⱦ ȼȵȶȫȯȾ ȼȫ Ȍȶȹɀȹȭȹȷ 
ȽȰȹȻȰȷȹȷ. ȚȻȰȷȫ ɔȹɒ, Ƚȫȶȫȼȸȫ ȿȾȸȵɁȳɒȫ Ⱦ ȺȰȻȳȹȯȳɂȸȹȷ ȼȳȼȽȰȷȾ ȷȹȱȰ ȼȰ ȺȻȰȯȼȽȫȭȳȽȳ ȵȫȹ 
ȺȻȹȳȲȭȹȯ ȻȫȭȸȹȮ Ƚȫȶȫȼȫ ȳ ȿȾȸȵɁȳɒȰ ȵȹɒȫ ȳȷȫ ȳȼȽȾ ȺȰȻȳȹȯȳɂȸȹȼȽ ȵȫȹ ȵȻȳȼȽȫȶȸȫ ȻȰɃȰȽȵȫ [76]: 

‪ ὶ Ὡ Ͻό ὶ (7) 

 
ȮȯȰ ɒȰ r ȭȰȵȽȹȻ Ⱥȹȶȹȱȫɒȫ, ȫ k Ƚȫȶȫȼȸȳ ȭȰȵȽȹȻ ȹȯȻȰɌȰȸ ȭȰȶȳɂȳȸȹȷ ɒȰȯȳȸȳɂȸȰ ɕȰȶȳɒȰ ȵȻȳȼȽȫȶȫ. ȋȵȹ 
ȼȰ ȺȰȻȳȹȯȳɂȸȫ ȿȾȸȵɁȳɒȫ unk(r) ȻȫȲȭȳɒȰ Ⱦ ȻȰȯ ȺȹȷȹɕȾ Ȼȫȭȸȳɀ Ƚȫȶȫȼȫ ȹȯȻȰɌȰȸȳɀ ȭȰȵȽȹȻȳȷȫ 
ȻȰɁȳȺȻȹɂȸȰ ȻȰɃȰȽȵȰ G, Ƚȫȶȫȼȸȫ ȿȾȸȵɁȳɒȫ ȼȰ ȷȹȱȰ ȺȻȰȯȼȽȫȭȳȽȳ ȵȫȹ ȼȾȷȫ Ȼȫȭȸȳɀ Ƚȫȶȫȼȫ: 
 

‪ ὶ ὧȟ Ὡ  (8) 

 
ci,k+G ȼȾ ȵȹȰȿȳɁȳɒȰȸȽȳ ɂȳɒȳȷ ȼȰ ȭȫȻȳȻȫɔȰȷ ȯȹȬȳɒȫ ȼȽȫɔȰ ȸȫɒȸȳȱȰ ȰȸȰȻȮȳɒȰ. Șȫ ȹȭȫɒ ȸȫɂȳȸ ɒȰ 
ȻȰɃȫȭȫɔȰ ȕȣ ɒȰȯȸȫɂȳȸȫ ȼȭȰȯȰȸȹ ȸȫ ȼȳȼȽȰȷȰ ɒȰȯȸȫɂȳȸȫ ȵȹɒȳ ȼȰ ȷȹȮȾ ȻȰɃȫȭȫȽȳ ȷȫȽȻȳɂȸȹȷ 
ȫȶȮȰȬȻȹȷ. Ȓȫ ȯȹȬȳɒȫɔȰ ȽȫɂȸȰ ȭȻȰȯȸȹȼȽȳ Ȭȳȶȹ Ȭȳ ȺȹȽȻȰȬȸȹ ȾȲȰȽȳ ȬȰȼȵȹȸȫɂȫȸ ȬȻȹɒ Ȼȫȭȸȳɀ Ƚȫȶȫȼȫ Ⱦ 
ȼȾȷȳ. Ȟ ȺȻȫȵȼȳ ȼȰ ȾȲȳȷȫɒȾ Ƚȫȶȫȼȳ ȼȫȷȹ ȯȹ ȸȰȵȰ ȭȻȰȯȸȹȼȽȳ ȰȸȰȻȮȳɒȰ, ȵȹɒȫ ȼȰ ȹȯȻȰɌȾɒȰ ȺȹȼȷȫȽȻȫɔȰȷ 
ȾȽȳɁȫɒȫ ȬȻȹɒȫ (ȷȫȵȼȳȷȫȶȸȰ ȰȸȰȻȮȳɒȰ) Ƚȫȶȫȼȫ ȸȫ ȳȲȻȫɂȾȸȫȽȾ ȰȸȰȻȮȳɒȾ ȼȳȼȽȰȷȫ.  

Ȓȫ ȼȳȼȽȰȷȰ ȵȹɒȳ ȼȫȯȻȱȰ ȯȰȿȰȵȽȰ, ȸȰȺȻȫȭȳȶȸȹȼȽȳ ȳȶȳ ȸȰɂȳȼȽȹɕȰ (ȸȺȻ. ȸȰɀȹȷȹȮȰȸȰ ȶȰȮȾȻȰ) 
ȸȳɒȰ ȷȹȮȾɕȰ ȯȰȿȳȸȳȼȫȽȳ ɒȰȯȸȹȼȽȫȭȸȾ ȺȰȻȳȹȯȳɂȸȾ ɒȰȯȳȸȳɂȸȾ ɕȰȶȳɒȾ. Ȟ Ƚȹȷ ȼȶȾɂȫɒȾ, ȯȰȹ ȼȳȼȽȰȷȫ 
ȵȹɒȳ ȸȫȼ ȳȸȽȰȻȰȼȾɒȰ ȺȻȰȯȼȽȫȭɓȫ ȼȰ Ⱦ ȼȾȺȰȻɕȰȶȳɒȳ, ȸȫ ȵȹɒȾ ȼȰ ȺȻȳȷȰɔȾɒȾ ȺȰȻȳȹȯȳɂȸȳ ȮȻȫȸȳɂȸȳ 
Ⱦȼȶȹȭȳ, ȹȷȹȮȾɕȾɒȾɕȳ ȾȺȹȽȻȰȬȾ Ȼȫȭȸȳɀ Ƚȫȶȫȼȫ. ȗȹȻȫ ȼȰ ȹȬȻȫȽȳȽȳ Ⱥȫȱɔȫ ȳ ȯȫ ȭȰȶȳɂȳȸȫ ȹȯȫȬȻȫȸȰ 
ȼȾȺȰȻɕȰȶȳɒȰ ȬȾȯȰ ȯȹȭȹɓȸȹ ȭȰȶȳȵȫ, ȯȫ Ȭȳ ȼȰ ȳȲȬȰȮȶȫ ȳȸȽȰȻȫȵɁȳɒȫ ȳȲȷȰɌȾ ȼȾȼȰȯȸȳɀ ɕȰȶȳɒȫ. 

ȄȰȲȮȫȻȸȳ ȰȶȰȵȽȻȹȸȳ, ȵȹɒȳ ȸȰ ȾɂȰȼȽȭȾɒȾ ȯȳȻȰȵȽȸȹ Ⱦ ȿȹȻȷȳȻȫɔȾ ɀȰȷȳɒȼȵȳɀ ȭȰȲȫ ȲȬȹȮ ȼȭȹɒȰ 
ȭȳȼȹȵȰ ȶȹȵȫȶȳȲȹȭȫȸȹȼȽȳ, ȺȻȰȯȼȽȫȭɓȫɒȾ ȯȹȯȫȽȸȳ ȳȲȫȲȹȭ ȺȻȳȶȳȵȹȷ ȳȲȻȫɂȾȸȫȭȫɔȫ. ȆȳɀȹȭȰ ȽȫȶȫȼȸȰ 
ȿȾȸȵɁȳɒȰ ȼȰ Ⱦ ȹȺɃȽȳȷ ȼȶȾɂȫɒȰȭȳȷȫ ȼȶȫȬȹ ȷȰɔȫɒȾ Ⱦ ȻȫȲȶȳɂȳȽȳȷ ɀȰȷȳɒȼȵȳȷ ȹȵȻȾȱȰɔȳȷȫ. ȒȬȹȮ ȽȹȮȫ 
ɒȰ ɂȰȼȽȹ ȵȹȻȳȼȸȹ ȲȫȷȰȸȳȽȳ ȯȳȻȰȵȽȫȸ ȹȺȳȼ ȾȸȾȽȻȫɃɔȰȮ ȰȶȰȵȽȻȹȸȼȵȹȮ ȺȹȽȰȸɁȳɒȫȶȫ ȹȯ ȼȽȻȫȸȰ 
ɒȰȲȮȫȻȸȳɀ ȰȶȰȵȽȻȹȸȫ ȼȫ ȹȯȮȹȭȫȻȫɒȾɕȳȷ ȺȼȰȾȯȹȺȹȽȰȸɁȳɒȫȶȹȷ, ɂȳɒȳ ȾȽȳɁȫɒ ȸȫ ȭȫȶȰȸȽȸȰ ȰȶȰȵȽȻȹȸȰ 
ȹȼȽȫɒȰ ȳȼȽȳ Ⱦ ȵȹȸȵȻȰȽȸȹȷ ȼȳȼȽȰȷȾ [77]. ȚȹȼȽȹɒȰ ȯȭȰ ȮȶȫȭȸȰ ȭȻȼȽȰ ȺȼȰȾȯȹȺȹȽȰȸɁȳɒȫȶȫ: ȷȰȵȳ 
ȺȼȰȾȯȹȺȹȽȰȸɁȳɒȫȶȳ, ȵȹɒȳ ȹɂȾȭȫɒȾ ȸȹȻȷȾ ȽȫȶȫȼȸȰ ȿȾȸȵɁȳɒȰ [78] ȳ ȍȫȸȯȰȻȬȳȶȽȹȭȳ ȾȶȽȻȫȷȰȵȳ 
ȺȹȽȰȸɁȳɒȫȶȳ [79]. Ȟ ȹȬȫ ȺȻȳȼȽȾȺȫ ȿȹȻȷȾȶȫɁȳɒȫ ȺȼȰȾȯȹȺȹȽȰȸɁȳɒȫȶȫ ȯȹȬȳɒȫ ȼȰ ȳȲ ȻȫɂȾȸȫ ȵȹɒȳ 
ȹȬȾɀȭȫȽȫ ȼȭȰ ȰȶȰȵȽȻȹȸȰ ȳȲȫȬȻȫȸȹȮ ȳȲȹȶȹȭȫȸȹȮ ȫȽȹȷȫ Ⱦ ȻȰȿȰȻȰȸȽȸȹȷ ȼȽȫɔȾ. ăȗȰȵɃȳò 
ȺȼȰȾȯȹȺȹȽȰȸɁȳɒȫȶ ȲȫɀȽȰȭȫ ȷȫɔȳ ȬȻȹɒ Ȼȫȭȸȳɀ Ƚȫȶȫȼȫ Ȳȫ ȻȫȲȭȹɒ, ɃȽȹ ȼȷȫɔȾɒȰ ȻȫɂȾȸȫȻȼȵȾ ȲȫɀȽȰȭȸȹȼȽ. 
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ȓȲȬȹȻ ȺȼȰȾȯȹȺȹȽȰȸɁȳɒȫȶȫ Ȳȫ ȹȯȻȰɌȰȸȳ ȫȽȹȷ ȾȽȳɂȰ ȸȫ ȽȫɂȸȹȼȽ ȳȲȻȫɂȾȸȫȭȫɔȫ, ȽȰ ɒȰ ȸȰȹȺɀȹȯȸȹ 
Ⱥȫȱɓȳȭȹ ȹȯȻȰȯȳȽȳ ȵȹɒȰ ȰȶȰȵȽȻȹȸȰ ȽȻȰȬȫ ȰȵȼȺȶȳɁȳȽȸȹ ȽȻȰȽȳȻȫȽȳ, ȫ ȵȹɒȳ ȷȹȮȾ Ⱦɕȳ Ⱦ ȳȲȻȫȲ Ȳȫ 
ȺȼȰȾȯȹȺȹȽȰȸɁȳɒȫȶ. Ȟ Ƚȹȷ ɁȳɓȾ, ȻȫȲȭȳɒȰȸȰ ȼȾ ȷȰȽȹȯȰ ȵȹɒȰ ȹȬȰȲȬȰɌȾɒȾ ȵȭȫȶȳȽȰȽ ȳ ȺȹȾȲȯȫȸȹȼȽ 
ȺȼȰȾȯȹȺȹȽȰȸɁȳɒȫȶȫ Ȳȫ ȯȫȽȾ ȺȻȳȷȰȸȾ ȳ ȽȻȰȽȳȻȫɔȰ ȫȽȹȷȫ Ⱦ ȻȫȲȶȳɂȳȽȳȷ ɀȰȷȳɒȼȵȳȷ ȹȵȻȾȱȰɔȳȷȫ 
[80].  

ȕȹȯ ȼȳȼȽȰȷȫ ȼȫ ȸȰȼȺȫȻȰȸȳȷ ȰȶȰȵȽȻȹȸȳȷȫ, ȬȳȽȫȸ ɒȰ ȳ ȫȼȺȰȵȽ ȼȺȳȸȼȵȰ ȺȹȶȫȻȳȲȫɁȳɒȰ ð 
ȹȯȸȹȼȸȹ ȺȹɒȫȭȰ ȸȰȸȾȶȽȹȮ ȷȫȮȸȰȽȸȹȮ ȷȹȷȰȸȽȫ ȾȼȶȰȯ ȻȫȲȶȳɂȳȽȰ ȺȹȺȾɔȰȸȹȼȽȳ ȼȺȳȸ-ȯȹȶȰ ȳ ȼȺȳȸ-
ȮȹȻȰ ȼȽȫɔȫ. șȭȫɒ ȰȿȰȵȫȽ ȹȬȳɂȸȹ ȸȳɒȰ ȺȹȯȻȫȲȾȷȰȭȫȸ Ⱦ ȼȽȫȸȯȫȻȯȸȳȷ DFT ȺȻȹȻȫɂȾȸȳȷȫ, ȽȰ ȼȰ ȷȹȻȫ 
ȰȵȼȺȶȳɁȳȽȸȹ ȯȰȿȳȸȳȼȫȽȳ ȺȹɂȰȽȸȫ ȭȻȰȯȸȹȼȽ ȷȫȮȸȰȽȳȲȫɁȳɒȰ. țȰȲȾȶȽȫȽȳ ȼȺȳȸȼȵȳ ȺȹȶȫȻȳȲȹȭȫȸȳɀ 
ȺȻȹȻȫɂȾȸȫ ȼȾ ȹȼȰȽɓȳȭȳ ȸȫ ȳȲȫȬȻȫȸȾ ȺȹɂȰȽȸȾ ȺȻȹɁȰȸȾ, ȳ ɂȰȼȽȹ ȵȹȸȭȰȻȮȳȻȫɒȾ ȵȫ ȻȰɃȰɔȾ ȵȹɒȰ ɒȰ 
ȸȫɒȬȶȳȱȰ ȺȹɂȰȽȸȹȷ ȼȽȫɔȾ. ȒȬȹȮ ȽȹȮȫ ȽȻȰȬȫ Ⱥȫȱɓȳȭȹ ȸȫȺȻȫȭȳȽȳ ȺȹɂȰȽȸȾ ȺȻȹɁȰȸȾ, ȺȻȳ ɂȰȷȾ ɒȰ 
ȯȹȬȫȻ ȳȲȬȹȻ ȬȻȹɒ ȸȰȼȺȫȻȰȸȳɀ ȰȶȰȵȽȻȹȸȫ ȺȹȷȸȹȱȰȸ ȼȫ ȭȻȰȯȸȹɃɕȾ ȌȹȻȹȭȹȮ ȷȫȮȸȰȽȹȸȫ, µB [81].  
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2. ȡȳɓȰȭȳ ȽȰȲȰ 

 Șȫ ȹȼȸȹȭȾ ȯȫȽȹȮ ȾȭȹȯȸȹȮ ȻȫȲȷȫȽȻȫɔȫ, ȵȫȹ ȮȶȫȭȸȰ ɁȳɓȰȭȰ ȹȭȰ ȯȹȵȽȹȻȼȵȰ ȯȳȼȰȻȽȫɁȳɒȰ 

ȷȹȮȾɕȰ ɒȰ ȯȰȿȳȸȳȼȫȽȳ ȼȶȰȯȰɕȰ: 

1. țȫȲȭȹɒ ȬȫȲȰ ȺȹȯȫȽȫȵȫ ȹ ȫȯȼȹȻȺɁȳɒȳ ȫȽȹȷȼȵȳɀ ȭȻȼȽȫ ȸȫ ɂȳȼȽ ȮȻȫȿȰȸ ð ȼȳȼȽȰȷȫȽȼȵȹ ȳȼȺȳȽȳȭȫɔȰ 

ȫȯȼȹȻȺɁȳɒȰ ȼȭȳɀ ȰȶȰȷȰȸȫȽȫ ȚȰȻȳȹȯȸȹȮ ȼȳȼȽȰȷȫ ȯȹ ȫȽȹȷȼȵȹȮ ȬȻȹɒȫ 86 (ȳȲȾȲȰȭ ȶȫȸȽȫȸȳȯȫ) ȸȫ 

ȺȹȭȻɃȳȸȾ ȮȻȫȿȰȸȫ ȺȻȳȷȰȸȹȷ DFT ȷȰȽȹȯȫ ȼȫ ȯȳȼȺȰȻȲȳȹȸȹȷ ȵȹȻȰȵɁȳɒȹȷ. 

2. ȓȼȺȳȽȳȭȫɔȰ ȰȿȰȵȽȫ ȯȰȿȰȵȫȽȫ ȳ ȯȹȺȳȻȫɔȫ ȸȫ ȫȯȼȹȻȺɁȳȹȸȫ ȼȭȹɒȼȽȭȫ ȮȻȫȿȰȸȫ ð ȫȸȫȶȳȲȫ 

ȫȯȼȹȻȺɁȳɒȰ ȸȫ ȮȻȫȿȰȸ ȷȹȯȳȿȳȵȹȭȫȸ ȷȹȸȹȭȫȵȫȸɁȳɒȫȷȫ (VG), ȵȫȹ ȳ ȸȫ ȮȻȫȿȰȸȾ ȯȹȺȳȻȫȸȹȷ ȫȲȹȽȹȷ 

ȳ ȬȹȻȹȷ (NDG, BDG), ȼ ɁȳɓȰȷ ȻȫȲȾȷȰȭȫɔȫ ȾȶȹȮȰ ɀȰȷȳɒȼȵȰ ȷȹȯȳȿȳȵȫɁȳɒȰ Ⱦ ȺȹȭȰɕȫɔȾ 

ȻȰȫȵȽȳȭȸȹȼȽȳ. 

3. ȚȻȹɁȰȸȫ ȼȽȫȬȳȶȸȹȼȽȳ ȳ ȺȶȰȷȰȸȳȽȹȼȽȳ ȺȹɒȰȯȳȸȫɂȸȳɀ ȷȰȽȫȶȸȳɀ ȫȽȹȷȫ ȸȫ ȯȰȿȰȵȽȸȳȷ 

ȺȹȭȻɃȳȸȫȷȫ ȮȻȫȿȰȸȫ ð ȹȯȻȰɌȳȭȫɔȰ ȺȹȽȰȸɁȳɒȫȶȫ Ȳȫ ȻȫȼȽȭȫȻȫɔȰ ȷȰȽȫȶȫ ȫȯȼȹȻȬȹȭȫȸȳɀ ȸȫ 

ȭȫȵȫȸɁȳɒȳ ȳ ȫȸȫȶȳȲȫ ɔȳɀȹȭȰ ȼȽȫȬȳȶȸȹȼȽȳ Ⱦ ȺȹȻȰɌȰɔȾ ȼȫ ȷȰȽȫȶȹȷ Ⱦ ɂȳȼȽȹɒ ȿȫȲȳ. 

4. ȓȯȰȸȽȳȿȳȵȫɁȳɒȫ ȸȫɒȺȰȻȼȺȰȵȽȳȭȸȳɒȳɀ ɒȰȯȸȹȫȽȹȷȼȵȳɀ ȵȫȽȫȶȳȲȫȽȹȻȫ ȸȫ ȻȫȲȶȳɂȳȽȳȷ ȭȻȼȽȫȷȫ 

ȮȻȫȿȰȸȫ ð ȫȸȫȶȳȲȫ ȯȰȭȰȽ ȺȻȰȶȫȲȸȳɀ ȷȰȽȫȶȫ ȸȫ ȭȳɃȰ ȽȳȺȹȭȫ ȺȹȯȶȹȮȫ, ȾȲ ȺȻȹɁȰȸȾ ȹȽȺȹȻȸȹȼȽȳ ȸȫ 

ȫȮȻȰȮȫɁȳɒȾ ȳ ȻȫȼȽȭȫȻȫɔȰ. 

5. ȓȼȽȻȫȱȳȭȫɔȰ ȻȰȶȫɁȳɒȫ ȼȵȫȶȳȻȫɔȫ ȳȲȷȰɌȾ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȼȵȳɀ ȳ ȷȹȶȰȵȾȶȼȵȳɀ 

ȫȯȼȹȻȬȫȽȫ ð ȳȼȺȳȽȳȭȫɔȰ ȵȹȻȰȶȫɁȳɒȫ ȵȹɒȰ ȷȹȮȾ Ⱥȹȷȹɕȳ Ⱦ ȺȻȰȯȭȳɌȫɔȾ ȵȫȽȫȶȳȽȳɂȵȳɀ ȼȭȹɒȼȽȫȭȫ ȸȫ 

ȹȼȸȹȭȾ ɒȰȯȸȹȼȽȫȭȸȳɒȳɀ ȼȳȼȽȰȷȫ. 

6. ȋȸȫȶȳȲȫ ȾȽȳɁȫɒȫ ȜȽȹȾȸ-ȍȰɒȶȼ ȯȰȿȰȵȽȫ ȳ ȷȰɀȫȸȳɂȵȹȮ ȸȫȺȻȰȲȫɔȫ ȸȫ ȻȰȫȵȽȳȭȸȹȼȽ ȮȻȫȿȰȸȫ ð 

ȺȻȹȾɂȫȭȫɔȰ ȸȫɂȳȸȫ ȸȫ ȵȹɒȳ ȼȽȻȾȵȽȾȻȸȳ ȯȰȿȰȵȽȳ ȳ ȯȰȿȹȻȷȫɁȳɒȰ ȷȰɔȫɒȾ ɀȰȷȳɒȼȵȾ ȫȵȽȳȭȸȹȼȽ 

ȮȻȫȿȰȸȫ ȳ ȹȷȹȮȾɕȫȭȫɒȾ ȬȹɓȰ ȾȺȻȫȭɓȫɔȰ ȻȰȫȵȽȳȭȸȹɃɕȾ ȷȫȽȰȻȳɒȫȶȫ. 

 Ȝȭȫ ȳȼȽȻȫȱȳȭȫɔȫ ȺȻȰȯȼȽȫȭɓȰȸȫ Ⱦ ȹȭȹɒ ȽȰȲȳ ȼȾ ȽȰȹȻȳɒȼȵȹȮ ȵȫȻȫȵȽȰȻȫ, ȬȫȲȳȻȫȸȫ ȸȫ ȝȰȹȻȳɒȳ 

ȿȾȸȵɁȳȹȸȫȶȫ ȮȾȼȽȳȸȰ.  
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3. țȰȲȾȶȽȫȽȳ ȫȸȫȶȳȲȰ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȫ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ 

3.1. Ȟȭȹȯȸȹ ȻȫȲȷȫȽȻȫɔȰ 

țȫȲȾȷȰȭȫɔȰ ȸȫɂȳȸȫ ȸȫ ȵȹɒȳ ȼȰ ȫȽȹȷȼȵȰ ȭȻȼȽȰ ȫȯȼȹȻȬȾɒȾ ȸȫ ȮȻȫȿȰȸ ɒȰ ȹȯ ȭȰȶȳȵȹȮ Ȳȸȫɂȫɒȫ Ȳȫ 
ȷȸȹȮȰ ȮȻȫȸȰ ȽȰɀȸȹȶȹȮȳɒȰ. Ȟ ȹȭȹȷ ȺȹȮȶȫȭɓȾ ȬȳɕȰ ȺȻȰȯȼȽȫȭɓȰȸȫ ȵȹȷȺȶȰȽȸȫ ȬȫȲȫ ȺȹȯȫȽȫȵȫ ȰȸȰȻȮȳɒȫ 
ȫȯȼȹȻȺɁȳɒȫ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ Ȳȫ ȰȶȰȷȰȸȽȰ ȚȰȻȳȹȯȸȹȮ ȼȳȼȽȰȷȫ ȰȶȰȷȰȸȫȽȫ (ȚȜȐ) ȯȹ ȫȽȹȷȼȵȹȮ 
ȬȻȹɒȫ 86 (ȳȼȵɓȾɂȾɒȾɕȳ ȶȫȸȽȫȸȳȯȰ). ȞȲȰȭɃȳ Ⱦ ȹȬȲȳȻ ȭȰȶȳȵȹ ȳȸȽȰȻȰȼȹȭȫɔȰ Ȳȫ ȺȻȳȷȰȸȾ ȮȻȫȿȰȸȫ, 
ȹɂȰȵȳȭȫȶȹ Ȭȳ ȼȰ ȯȫ ȭȰȶȳȵȳ ȬȻȹɒ ȯȹ ȼȫȯȫ ȹȬɒȫȭɓȰȸȳɀ ȼȽȾȯȳɒȫ ȻȫȲȷȫȽȻȫ ȳȸȽȰȻȫȵɁȳɒȰ ȻȫȲȶȳɂȳȽȳɀ 
ȫȽȹȷȫ ȼȫ ȮȻȫȿȰȸȼȵȹȷ ȬȫȲȫȶȸȹȷ Ȼȫȭȸȳ. ȗȰɌȾȽȳȷ, ȺȹȼȽȹɒȳ ɒȫȵȹ ȷȫȶȳ ȬȻȹɒ ȼȳȼȽȰȷȫȽȼȵȳɀ ȼȽȾȯȳɒȫ. Ȟ 
ɒȰȯȸȹȷ ȹȯ Ȼȫȯȹȭȫ ȳȼȺȳȽȳȭȫȸȰ ȼȾ ȳȸȽȰȻȫȵɁȳɒȰ ȼȫ ȫȽȹȷȳȷȫ ȹȯ ȫȽȹȷȼȵȹȮ ȬȻȹɒȫ 1 ȯȹ 83 (H ȯȹ Bi), 
ȳȼȵɓȾɂȾɒȾɕȳ ȶȫȸȽȫȸȳȯȰ ȳ ȺȶȰȷȰȸȳȽȰ ȮȫȼȹȭȰ [82,83]. Ȟ Ƚȹɒ ȼȽȾȯȳɒȳ ȵȹȻȳɃɕȰȸ ɒȰ ȼȺȳȸȼȵȳ 
ȸȰȺȹȶȫȻȳȲȹȭȫȸ LDA ȺȻȳȼȽȾȺ, Ȳȫ ȵȹɒȳ ɒȰ ȺȹȲȸȫȽȹ ȯȫ ȷȹȱȰ ȻȰȲȾȶȽȹȭȫȽȳ  ȰȸȰȻȮȳɒȫȷȫ ȭȰȲȳȭȫɔȫ ȵȹɒȰ 
ȼȾ ȭȰɕȰ ȹȯ ȻȰȫȶȸȳɀ. ȘȰȵȰ ȹȯ ȼȽȾȯȳɒȫ ȻȫȲȷȫȽȻȫȶȰ ȼȾ ȫȯȼȹȻȺɁȳɒȾ ȸȰɃȽȹ ȷȫɔȰȮ ȬȻȹɒȫ ȫȽȹȷȼȵȳɀ ȭȻȼȽȫ 
ȸȫ ȬȫȲȫȶȸȾ Ȼȫȭȫȸ [84], ȵȫȹ ȳ ȺȹȻȰɌȰɔȰ ȹȺȫȱȰȸȳɀ ȫȯȼȹȻȺɁȳȹȸȳɀ ȽȻȰȸȯȹȭȫ ȳȲȷȰɌȾ ȮȻȫȿȰȸȼȵȰ 
ȬȫȲȫȶȸȰ Ȼȫȭȸȳ ȳ ȾȮɓȰȸȳɂȸȳɀ ȸȫȸȹȽȾȬȫ [85]. ȚȹȼȶȰȯɔȫ ȼȽȾȯȳɒȫ ȵȹɒȫ ȯȫɒȰ ȻȰȲȾȶȽȫȽȰ Ȳȫ ȫȽȹȷȼȵȾ 
ȫȯȼȹȻȺɁȳɒȾ ȸȫ ȮȻȫȿȰȸȼȵȾ ȬȫȲȫȶȸȾ Ȼȫȭȫȸ ɒȰ ȺȻȰȮȶȰȯȸȳ Ȼȫȯ Ⱦ ȵȹȷ ȼȾ ȺȻȳȵȫȲȫȸȳ ȺȹȯȫɁȳ ȯȹȬȳɒȰȸȳ 
ȵȹȻȳɃɕȰɔȰȷ ȼȺȳȸȼȵȳ ȺȹȶȫȻȳȲȹȭȫȸȳɀ DFT ȺȻȹȻȫɂȾȸȫ ȼȫ ȯȳȼȺȰȻȲȳȹȸȳȷ ȵȹȻȰȵɁȳɒȫȷȫ [86]. Ȟ Ƚȹȷ 
ȻȫȯȾ ȻȫȲȷȹȽȻȰȸ ɒȰ ȳ ȷȫȮȸȰȽȳȲȫȷ ȼȳȼȽȰȷȫ ȫȯȼȹȻȬȫȽ+ȮȻȫȿȰȸ. ȞȼȶȰȯ ȻȫȲȶȳɂȳȽȳɀ ȵȹȷȺɒȾȽȫɁȳȹȸȳɀ 
ȺȹȼȽȫȭȵȳ ȵȹȻȳɃɕȰȸȳɀ Ⱦ ȼȭȳȷ ȹȭȳȷ Ȼȫȯȹȭȳȷȫ, ȹɂȰȵȳȭȫȸȰ ȼȾ ȻȫȲȶȳȵȰ Ⱦ ȺȹɒȰȯȳȸȫɂȸȳȷ ȼȳȼȽȰȷȳȷȫ, 
ȫȶȳ ȼȾɃȽȳȸȼȵȳ ɕȰȷȹ ȼȰ ȿȹȵȾȼȳȻȫȽȳ ȸȫ ȹȺɃȽȰ ȹȺȫȱȰȸȰ ȽȻȰȸȯȹȭȰ. ȚȹȼȷȫȽȻȫȸȳ ȲȫɒȰȯȸȹ, ȹȭȳ 
Ȼȫȯȹȭȳ ȸȰ ȷȹȮȾ ȯȫȽȳ ɁȰȶȹȭȳȽȾ ȼȶȳȵȾ ȹ ȫȯȼȹȻȺɁȳȹȸȳȷ ȽȻȰȸȯȹȭȳȷȫ ȰȶȰȷȰȸȫȽȫ ȚȜȐ ȸȫ ȮȻȫȿȰȸȾ. Ȟ 
ȸȰȵȳȷ ȼȶȾɂȫɒȰȭȳȷȫ ɒȫȭɓȫɒȾ ȼȰ ȳ ȹȺȻȰɂȸȫ ȹȺȫȱȫɔȫ ð Ⱦ ȼȶȾɂȫɒȾ ȭȰȲȳȭȫɔȫ d-ȰȶȰȷȰȸȫȽȫ, LDA 
ȿȾȸȵɁȳȹȸȫȶ ȺȻȰȯȭȳɌȫ ȸȫɒɒȫɂȰ ȭȰȲȳȭȫɔȰ ȵȹȯ ȰȶȰȷȰȸȫȽȫ ȼȫ ȺȹȶȾȺȹȺȾɔȰȸȹȷ ȭȫȶȰȸȽȸȹȷ ɓȾȼȵȹȷ 
[82,83], ȯȹȵ ȯȻȾȮȳ Ȼȫȯȹȭȳ ȺȻȰȯȭȳɌȫɒȾ ɒȫȵȹ ȼȶȫȬȹ ȿȳȲȳȼȹȻȬȹȭȫɔȰ ȹȭȳɀ ȰȶȰȷȰȸȫȽȫ [85]. ȜȽȾȯȳɒȰ ȵȹɒȰ 
ȾȵɓȾɂȾɒȾ ȳ ȯȳȼȺȰȻȲȳȹȸȰ ȳȸȽȰȻȫȵɁȳɒȰ ȽȫȵȹɌȰ ȼȰ ȻȫȲȶȳȵȾɒȾ Ⱦ ȺȻȰȭȳɌȫɔȳȷȫ ȽȻȰȸȯȹȭȫ Ȳȫ ȫȯȼȹȻȺɁȳɒȾ 
3d ȰȶȰȷȰȸȫȽȫ ȼȫ ɒȰȯȸȰ ȼȽȻȫȸȰ, ȳ 4d ȳ 5d ȰȶȰȷȰȸȫȽȫ, ȼȫ ȯȻȾȮȰ [86]. șȭȫȵȭȰ ȻȫȲȶȳȵȰ ȾȹɂȫȭȫɒȾ ȼȰ ȳ ȵȹȯ 
p-ȰȶȰȷȰȸȫȽȫ ð ȺȻȰȯȭȳɌȫ ȼȰ ɒȫȵȹ ȭȰȲȳȭȫɔȰ ȼȻȰȯȳȸȰ p-Ȭȶȹȵȫ, [82] ȷȰɌȾȽȳȷ ȵȹȻȳɃɕȰɔȰȷ GGA 
ȺȻȳȼȽȾȺȫ ȼȫ ȯȳȼȺȰȻȲȳȹȸȹȷ ȵȹȻȰȵɁȳɒȹȷ ȯȹȬȳɒȫɒȾ ȼȰ ȺȹȯȫɁȳ ȵȹɒȳ ȾȵȫȲȾɒȾ ȸȫ ȼȶȫȬȹ ȭȰȲȳȭȫɔȰ [86]. 
țȫȲȶȳȵȰ Ⱦ ɒȫɂȳȸȳ ȳȸȽȰȻȫȵɁȳɒȰ ȽȫȵȹɌȰ ȷȹȮȾ ȬȳȽȳ ȲȸȫɂȫɒȸȰ ȳȲȷȰɌȾ LDA ȳ GGA ȺȻȳȼȽȾȺȫ, ȵȫȹ ɃȽȹ 
ȼȰ ȷȹȱȰ ȭȳȯȰȽȳ ȸȫ ȼȶȾɂȫɒȾ ȵȳȼȰȹȸȳȵȫ, Ȳȫ ȵȹɒȳ ȼȰ ȺȻȰȯȭȳɌȫ ȼȵȹȻȹ ȯȭȹȼȽȻȾȵȹ ȭȰɕȫ ȰȸȰȻȮȳɒȫ 
ȫȯȼȹȻȺɁȳɒȰ ȵȹȻȳɃɕȰɔȰȷ LDA. ȜȺȳȸȼȵȳ ȺȹȶȫȻȳȲȹȭȫȸȳ ȺȻȹȻȫɂȾȸȳ ȼȫ ȯȳȼȺȰȻȲȳȹȸȹȷ 
ȳȸȽȰȻȫȵɁȳɒȹȷ ȽȫȵȹɌȰ ȺȻȰȯȭȳɌȫɒȾ ȯȫ ɒȰ ȫȯȼȹȻȺɁȳɒȫ ȸȰȼȽȫȬȳȶȸȫ Ȳȫ ȭȰɕȳȸȾ ȰȶȰȷȰȸȫȽȫ 6 ȺȰȻȳȹȯȰ (ȹȯ 
Cs ȯȹ Bi), ɃȽȹ ɒȰ Ⱦ ȼȾȺȻȹȽȸȹȼȽȳ ȼȫ ȬȻȹɒȸȳȷ ȼȽȾȯȳɒȫȷȫ [7,87]. Ȝȫȷȹ ȻȫȲȷȫȽȻȫɔȰ ȯȳȼȺȰȻȲȳȹȸȳɀ ȼȳȶȫ 
ȺȻȰȯȼȽȫȭɓȫ ȯȹȯȫȽȫȸ ȺȻȰȯȷȰȽ ȳȼȽȻȫȱȳȭȫɔȫ, ȬȾȯȾɕȳ ȯȫ ɀȰȷȳɒȼȵȫ ȳȸȰȻȽȸȹȼȽ ɂȳȼȽȹȮ ȮȻȫȿȰȸȫ ɂȰȼȽȹ 
Ȳȸȫɂȳ ȯȫ ȽȰ ȳȸȽȰȻȫȵɁȳɒȰ ȳȷȫɒȾ ȭȰȶȳȵȳ ȯȹȺȻȳȸȹȼ Ⱦ ȫȯȼȹȻȺɁȳɒȳ. 

ȞȲȰȭɃȳ Ⱦ ȹȬȲȳȻ ȸȫȭȰȯȰȸȫ ȲȫȺȫȱȫɔȫ, ȸȰ ȷȹȱȰ ȼȰ ȳȲȭȾɕȳ ȺȹȾȲȯȫȸ ȲȫȵɓȾɂȫȵ ȵȫȯȫ ɒȰ 
ȸȰȹȺɀȹȯȸȹ ȾȵɓȾɂȳȽȳ ȳ ȯȹȺȻȳȸȹȼ ȯȳȼȺȰȻȲȳȹȸȳɀ ȼȳȶȫ, ȵȫȹ ȳ ȵȫȵȹ ȵȹȻȳɃɕȰɔȰ ȻȫȲȶȳɂȳȽȳɀ 
ȵȹȷȺɒȾȽȫɁȳȹȸȳɀ ȺȹȼȽȫȭȵȳ Ȳȫ ȽȻȰȽȳȻȫɔȰ ȹȭȳɀ ȳȸȽȰȻȫȵɁȳɒȫ ȾȽȳɂȰ ȸȫ ȵȻȫɒɔȰ ȻȰȲȾȶȽȫȽȰ. ȜȽȹȮȫ ɕȰ 
ȹȭȯȰ ȬȳȽȳ ȺȻȳȵȫȲȫȸȳ ȻȰȲȾȶȽȫȽȳ ȯȰȽȫɓȸȰ ȼȽȾȯȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȭȰɕȳȸȰ ȰȶȰȷȰȸȫȽȫ ȚȜȐ ȸȫ 
ȮȻȫȿȰȸȼȵȹɒ ȬȫȲȫȶȸȹɒ Ȼȫȭȸȳ, ɂȳȷȰ ɕȰ ȼȰ ȯȹȬȳȽȳ ȺȹȯȫɁȳ ȵȹɒȳ ȷȹȮȾ ȼȶȾȱȳȽȳ Ȳȫ ȾȺȹȻȰȯȸȾ ȺȻȹɁȰȸȾ 
ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȫ ȸȫ ɂȳȼȽ ȮȻȫȿȰȸ, ȳ ȺȹȽȰȸɁȳɒȫȶȸȹ ȸȫ ȯȻȾȮȰ ȾȮɓȰȸȳɂȸȰ ȷȫȽȰȻȳɒȫȶȰ. ȕȫȵȹ 
Ȭȳ Ƚȹ Ȭȳȶȹ ȷȹȮȾɕȰ, ȳȲȭȻɃȰȸȳ ȼȾ DFT ȺȻȹȻȫɂȾȸȳ ȼȫ ȭȳȼȹȵȳȷ ȸȳȭȹȹȷ ȵȹȸȭȰȻȮȰȸɁȳɒȰ 
ȵȹȻȳɃɕȰɔȰȷ ȻȫȲȶȳɂȳȽȳɀ ȵȹȷȺɒȾȽȫɁȳȹȸȳɀ ɃȰȷȫ ð ȹȯ ȹȼȸȹȭȸȳɀ PBE ȿȾȸȵɁȳȹȸȫȶȫ ȯȹ ȹȸȳɀ ȵȹɒȳ 
ȾȵɓȾɂȾɒȾ ȯȳȼȺȰȻȲȳȹȸȰ ȵȹȻȰȵɁȳɒȰ ȳ ȸȰȶȹȵȫȶȸȰ DFT ȵȫȶȵȾȶȫɁȳɒȰ. țȫɂȾȸȳ ȼȾ ȳȲȭȻɃȰȸȳ Ȳȫ ȼȭȰ 
ȰȶȰȷȰȸȽȰ ȚȜȐ ȹȯ 1. ȯȹ 6. ȺȰȻȳȹȯȰ, ȳȼȵɓȾɂȾɒȾɕȳ ȶȫȸȽȫȸȳȯȰ. ȏȹȬȳɒȰȸȳ ȻȰȲȾȶȽȫȽȳ ȹȷȹȮȾɕȫȭȫɒȾ 
ȫȸȫȶȳȲȾ ȫȯȼȹȻȺɁȳȹȸȳɀ ȽȻȰȸȯȹȭȫ ȫȽȹȷȼȵȳɀ ȭȻȼȽȫ ȸȫ ȮȻȫȿȰȸȾ, ȵȫȹ ȳ ȺȻȹɁȰȸȾ ȭȫȱȸȹȼȽȳ 
ȰȵȼȺȶȳɁȳȽȸȹȮ ȽȻȰȽȳȻȫɔȫ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ. ȞȲ Ƚȹ, ȬȳɕȰ ȺȹȷȰȸȾȽȳ  ȳ ȸȰȵȳ 
ȵȹȷȺɒȾȽȫɁȳȹȸȳ ȺȻȹȬȶȰȷȳ, ȵȫȹ ɃȽȹ ȼȾ ȬȻȹɒ ȵȹȻȳɃɕȰȸȳɀ ȭȫȶȰȸȽȸȳɀ ȰȶȰȵȽȻȹȸȫ, ȳ ȬȳɕȰ ȾȺȹȻȰɌȰȸȳ 
ȻȰȲȾȶȽȫȽȳ ȯȭȫ ɂȰȼȽȹ ȵȹȻȳɃɕȰȸȫ ȼȹȿȽȭȰȻȫ Ȳȫ ȵȭȫȸȽȸȹɀȰȷȳɒȼȵȹ ȳȲȾɂȫȭȫɔȰ ȺȰȻȳȹȯȳɂȸȳɀ ȼȳȼȽȰȷȫ ð 
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3.2. țȫɂȾȸȼȵȳ ȯȰȽȫɓȳ 

ȐȸȰȻȮȳɒȰ ȼȾ ȳȲȻȫɂȾȸȫȽȰ ȵȹȻȳɃɕȰɔȰȷ ȷȰȽȹȯȰ PAW [88] ȾȺȹȽȻȰȬȹȷ PBE ȿȾȸȵɁȳȹȸȫȶȫ [89], 
ȼȫ ȳ ȬȰȲ ȾȵɓȾɂȳȭȫɔȫ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ. ȋȯȼȹȻȺɁȳɒȫ ȼȭȳɀ ȳȼȺȳȽȫȸȳɀ ȰȶȰȷȰȸȫȽȫ ȚȜȐ ȸȫ 
ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ ȷȹȯȰȶȳȻȫȸȫ ɒȰ Ⱦ 4ĭ4 ɕȰȶȳɒȳ (32 ȾȮɓȰȸȳȵȹȭȫ ȫȽȹȷȫ). ȍȰɕȫ ȼȳȷȾȶȫɁȳȹȸȫ ɕȰȶȳɒȫ Ⱦ 
ȺȹȻȰɌȰɔȾ ȼȫ ȹȸȳȷȫ ȵȹȻȳɃɕȰȸȳȷ Ⱦ ȺȻȰȽɀȹȯȸȳȷ Ȼȫȯȹȭȳȷȫ [82,86] ȹȯȫȬȻȫȸȫ ɒȰ ȵȫȵȹ Ȭȳ ȼȰ 
ȳȸȽȰȻȫȵɁȳɒȫ ȼȾȼȰȯȸȳɀ ȫȯȫȽȹȷȫ Ⱦ ȺȰȻȳȹȯȳɂȸȳȷ ɕȰȶȳɒȫȷȫ ȼȭȰȶȫ ȸȫ ȷȳȸȳȷȾȷ. ȎȻȫȿȰȸȼȵȰ Ȼȫȭȸȳ ȼȾ 
ȹȯȭȹɒȰȸȰ ɒȰȯȸȰ ȹȯ ȯȻȾȮȳɀ ȼȫ 20 Å ȭȫȵȾȾȷȫ. DFT ȺȻȹȻȫɂȾȸȳ ȼȾ ȳȲȭȰȯȰȸȳ ȵȹȻȳȼȽȰɕȳ VASP 
ȼȹȿȽȭȰȻȼȵȳ ȺȫȵȰȽ [90ð93].  

ȚȫȻȫȷȰȽȻȳ PAW ȺȹȽȰȸɁȳɒȫȶȫ ȺȻȰȾȲȰȽȳ ȼȾ ȳȲ ȺȹȼȶȰȯɔȰ ȯȳȼȽȻȳȬȾɁȳɒȰ VASP ȺȫȵȰȽȫ, ȳ Ⱦ 
ȼȶȾɂȫɒȰȭȳȷȫ ȮȯȰ ɒȰ Ƚȹ Ȭȳȶȹ ȷȹȮȾɕȰ, ȵȹȻȳɃɕȰȸȳ ȼȾ ȺȹȽȰȸɁȳɒȫȶȳ ȵȹɒȳ ȾȵɓȾɂȾɒȾ ȳ ȰȶȰȵȽȻȹȸȰ 
ȾȸȾȽȻȫɃɔȰ ɓȾȼȵȰ. Ȓȫ ȬȫȲȸȳ ȼȰȽ ȵȹȻȳɃɕȰȸȳ ȼȾ Ȼȫȭȸȳ Ƚȫȶȫȼȳ, ȷȫȵȼȳȷȫȶȸȰ ȵȳȸȰȽȳɂȵȰ ȰȸȰȻȮȳɒȰ ȹȯ 
600 eV, ȵȫȹ ȳ ȎȫȾȼȹȭȼȵȹ ɃȳȻȰɔȰ ȹȯ 0.025 eV Ȳȫ ȲȫȾȲȰȽȹȼȽ ȰȶȰȵȽȻȹȸȼȵȳɀ ȸȳȭȹȫ. ȚȻȭȫ 
ȯȭȹȯȳȷȰȸȲȳȹȸȫȶȸȫ ȌȻȳȶȾȰȸȹȭȫ (Brillouin) Ȳȹȸȫ ȳȸȽȰȮȻȫɓȰȸȫ ɒȰ ȺȹȷȹɕȾ 10ĭ10ĭ1 ȼȰȽȫ k-Ƚȫɂȫȵȫ 
ȮȰȸȰȻȳȼȫȸȳɀ ȺȹȷȹɕȾ ȗȹȸȵȹȻȼȽ-Țȫȵ (Monckhorst, Pack) ȼɀȰȷȰ [94]. ȓȼȺȳȽȫȸȫ ȼȾ ȽȻȳ ȷȹȮȾɕȫ ȷȰȼȽȫ 
ȫȯȼȹȻȺɁȳɒȰ ð ăȭȻɀò, ȳȲȸȫȯ ɒȰȯȸȹȮ ȹȯ ȾȮɓȰȸȳȵȹȭȳɀ ȫȽȹȷȫ, ăȷȹȼȽò, ȳȲȸȫȯ ȼȻȰȯȳȸȰ CðC ȭȰȲȰ,  ȳ 
ăɃȾȺɓȳȸȫò, ȳȲȸȫȯ ɃȰȼȽȹȾȮȫȹȸȰ ɃȾȺɓȳȸȰ ȵȹɒȾ ȿȹȻȷȳȻȫɒȾ ȫȽȹȷȳ ȾȮɓȰȸȳȵȫ. ȝȹȵȹȷ ȹȺȽȳȷȳȲȫɁȳɒȰ 
ȮȰȹȷȰȽȻȳɒȰ ȯȹȲȭȹɓȰȸȫ ɒȰ ȻȰȶȫȵȼȫɁȳɒȫ ȫȯȫȽȹȷȫ ȼȫȷȹ Ⱦ ȺȻȫȭɁȾ ȸȹȻȷȫȶȸȹȷ ȸȫ ȮȻȫȿȰȸȼȵȾ Ȼȫȭȫȸ, ȯȹȵ 
ɒȰ ȻȰȶȫȵȼȫɁȳɒȫ ȫȽȹȷȫ ȾȮɓȰȸȳȵȫ Ȭȳȶȫ ȼȶȹȬȹȯȸȫ Ⱥȹ ȼȭȰ ȽȻȳ ȹȼȰ. țȰȶȫȵȼȫɁȳɒȫ ɒȰ ȭȻɃȰȸȫ ȯȹȵ ȠȰȶȷȫȸ-
ȟȫɒȸȷȫȸȹȭȰ ȼȳȶȰ ȸȫ ȼȭȰ ȫȽȹȷȰ ȸȳȼȾ ȬȳȶȰ ȷȫɔȰ ȹȯ 10Ĭ2 ȰVÅ Ĭ1, ɃȽȹ ȹȯȮȹȭȫȻȫ ȵȹȸȭȰȻȮȰȸɁȳɒȳ 
ȽȹȽȫȶȸȰ ȰȸȰȻȮȳɒȰ ȳȼȺȹȯ 0.01 meV. Ȝȭȳ ȺȻȹȻȫɂȾȸȫȽȳ ȼȾ ȻȫɌȰȸȳ ȾȲ ȼȺȳȸȼȵȾ ȺȹȶȫȻȳȲȫɁȳɒȾ. 

ȕȫȵȹ Ȭȳ ȼȰ ȳȼȺȳȽȫȹ ȯȹȺȻȳȸȹȼ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ, ȵȹȻȳɃɕȰȸȫ ȼȾ ȽȻȳ 
ȿȾȸȵɁȳȹȸȫȶȫ ȼȫ ȵȹȻȰȵɁȳɒȫȷȫ Ȳȫ ȯȳȼȺȰȻȲȳȹȸȰ ȳȸȽȰȻȫȵɁȳɒȰ: PBE-D2 [95], PBE-D3 [96] ȳ 
ȸȰȶȹȵȫȶȸȳ vdW-D2 [97]. ȚȻȭȫ ȯȭȫ ȺȻȳȼȽȾȺȫ ȵȹȻȳȮȾɒȾ ȾȵȾȺȸȾ ȰȸȰȻȮȳɒȾ ɂȶȫȸȹȷ ȵȹɒȳ ȾȲȳȷȫ Ⱦ ȹȬȲȳȻ 
ȯȳȼȺȰȻȲȳȹȸȰ ȳȸȽȰȻȫȵɁȳɒȰ ȺȫȻȹȭȫ ȫȽȹȷȫ, ȳ ȵȹɒȳ ȼȰ ȯȹȯȫɒȰ ȾȵȾȺȸȹɒ ȰȸȰȻȮȳɒȳ ȼȳȼȽȰȷȫ ȳȲȻȫɂȾȸȫȽȹɒ 
ȵȹȻȳɃɕȰɔȰȷ ȳȲȫȬȻȫȸȹȮ ȿȾȸȵɁȳȹȸȫȶȫ (Ⱦ ȹȭȹȷ ȼȶȾɂȫɒȾ PBE) 

ὉPBE+DὉ Ὁ  (9) 

Ȣȶȫȸ Edisp ȳȲȻȫɂȾȸȫȭȫ ȼȰ ȾȲȳȷȫɒȾɕȳ Ⱦ ȹȬȲȳȻ ȼȺȰɁȳȿȳɂȸȰ ȫȽȹȷȼȵȰ ȺȫȻȫȷȰȽȻȰ ȳ ȻȰȶȫȽȳȭȸȰ 
ȾȯȫɓȰȸȹȼȽȳ ȫȽȹȷȫ Ⱦ ɁȰȶȹɒ ȼȾȺȰȻɕȰȶȳɒȳ. Ȟ ȼȶȾɂȫɒȾ PBE-D2 Ƚȫɒ ɂȶȫȸ ȸȰ Ȳȫȭȳȼȳ ȹȯ ɀȰȷȳɒȼȵȹȮ 
ȹȵȻȾȱȰɔȫ, ȯȹȵ ȼȰ ȵȹȯ PBE-D3 ȺȻȳȼȽȾȺȫ ȺȫȻȫȷȰȽȫȻ ȺȻȳȶȫȮȹɌȫȭȫ ȸȫ ȹȼȸȹȭȾ ȶȹȵȫȶȸȰ ȮȰȹȷȰȽȻȳɒȰ ȳ 
ȺȻȳȼȾȽȸȹȼȽȳ ȯȻȾȮȳɀ ɀȰȷȳɒȼȵȳɀ ȭȻȼȽȫ. ȕȹȯ PBE-D2 ȺȻȳȼȽȾȺȫ ȵȹȻȳɃɕȰȸ ɒȰ ȼȰȽ ȺȫȻȫȷȰȽȫȻȫ ȸȫ 
ȸȫɂȳȸ ȳȷȺȶȰȷȰȸȽȳȻȫȸ Ⱦ VASP ȵȹȯȾ Ȳȫ ȺȻȭȳɀ ȺȰȽ ȺȰȻȳȹȯȫ ȚȜȐ, ȯȹȵ ȼȾ Ȳȫ ɃȰȼȽȾ ȺȰȻȳȹȯȾ 
ȵȹȻȳɃɕȰȸȳ ȺȫȻȫȷȰȽȻȳ ȸȫ ȸȫɂȳȸ ȸȫ ȵȹɒȳ ȼȾ ȯȫȽȳ Ⱦ ȻȰȿ. [98]. vdW-DF2 ȺȻȳȼȽȾȺ ȳȷȺȶȰȷȰȸȽȳȻȫȸ ɒȰ 
Ⱦ ȹȵȭȳȻȾ VASP ȺȫȵȰȽȫ Ƚȫȵȹ ȯȫ ȹȷȹȮȾɕȫȭȫ ȾȵɓȾɂȳȭȫɔȰ ȸȰȶȹȵȫȶȸȳɀ ȯȹȺȻȳȸȹȼȫ Ⱦ ȰȸȰȻȮȳɒȾ 
ȵȹȻȰȶȫɁȳɒȰ Ƚȹȵȹȷ ȼȫȷȹȮ ɁȳȵȶȾȼȫ ȼȫȷȹȾȼȫȮȶȫɃȰɔȫ. [97,99ð101]. ȝȫɂȸȹȼȽ ȸȰȶȹȵȫȶȸȳɀ ȿȾȸȵɁȳȹȸȫȶȫ 
ȼȰ ȮȰȸȰȻȫȶȸȹ ȺȹȭȰɕȫȭȫ ȼȫ ȺȹȭȰɕȫɔȰȷ ȬȻȹɒȫ ȰȶȰȵȽȻȹȸȫ ȵȹɒȳ ȼȾ ȽȻȰȽȳȻȫȸȳ ȵȫȹ ȭȫȶȰȸȽȸȳ. ȓȷȫɒȾɕȳ 
ȹȭȹ Ⱦ ȭȳȯȾ, ȾȺȹȻȰɌȰȸȳ ȼȾ ȳ ȻȰȲȾȶȽȫȽȳ PAW ȺȻȹȻȫɂȾȸȫ ȼȫ ȻȫȲȶȳɂȳȽȳȷ ȬȻȹɒȰȷ ȭȫȶȰȸȽȸȳɀ 
ȰȶȰȵȽȻȹȸȫ Ȳȫ ȸȰȵȹȶȳȵȹ ȹȯȫȬȻȫȸȳɀ ȰȶȰȷȰȸȫȽȫ. 

ȐȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȫ ȸȫ ȮȻȫȿȰȸȼȵȾ Ȼȫȭȫȸ ȯȹȬȳɒȰȸȰ ȵȹȻȳɃɕȰɔȰȷ ȺȻȳȼȽȾȺȫ ȼȾ 
ȳȲȻȫɂȾȸȫȽȰ ȸȫ ȼȶȰȯȰɕȳ ȸȫɂȳȸ: 

Ὁads
PBE ὉPBEA@G ὉPBEὋ ὉPBEὃ (10) 

Ὁads
PBE ὉPBE A@G ὉPBE Ὃ ὉPBEὃ (11) 
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Ὁads
vdW-DF2 ὉvdW-DF2A@G ὉvdW-DF2Ὃ ὉvdW-DF2ὃ (12) 

 

ȮȯȰ ȼȾ E0 ȰȸȰȻȮȳɒȰ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ ȫȯȫȽȹȷȫ ȸȫ ȮȻȫȿȰȸȾ [ȋ@G], ȮȻȫȿȰȸȫ [G] ȳ ȳȲȹȶȹȭȫȸȹȮ ȫȯȫȽȹȷȫ 
[ȋ], ȳȲȻȫɂȾȸȫȽȰ ȸȫȭȰȯȰȸȳȷ ȺȻȳȼȽȾȺȹȷ. ȐȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȳȷȫ ȸȰȮȫȽȳȭȸȰ ȭȻȰȯȸȹȼȽȳ Ⱦ ȼȶȾɂȫɒȾ ȯȫ 
ɒȰ ȺȻȹɁȰȼ ȰȮȲȹȽȰȻȷȫȸ. 

ȕȹɀȰȲȳȹȸȫ ȰȸȰȻȮȳɒȫ Ⱦ ȹȭȹȷ ȻȫȯȾ ȳȲȻȫɂȾȸȫȽȫ ɒȰ ȸȫ ȼȶȰȯȰɕȳ ȸȫɂȳȸ: 

ὉcohὉ
XGȾὲ ὉXὅ (13) 

 
ȺȻȳ ɂȰȷȾ X ȹȲȸȫɂȫȭȫ ȵȹȻȳɃɕȰȸȾ ȵȹȷȺɒȾȽȫɁȳȹȸȾ ɃȰȷȾ, ȯȹȵ ɒȰ n = 32, ȹȯȸȹȼȸȹ ȺȻȰȯȼȽȫȭɓȫ ȬȻȹɒ 
ȫȽȹȷȫ ȾȮɓȰȸȳȵȫ Ⱦ ȼȳȷȾȶȫɁȳȹȸȹɒ ɕȰȶȳɒȳ. 

Ȓȫ ȸȰȵȹȶȳȵȹ ȰȶȰȷȰȸȫȽȫ (H, Na, O, Cl, Fe, Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt, Au) ɒȰ ȳȲȭȻɃȰȸȹ 
ȺȹȻȰɌȰɔȰ ȻȰȲȾȶȽȫȽȫ ȯȹȬȳɒȰȸȳɀ ȵȹȻȳɃɕȰɔȰȷ ȯȭȫ ȻȫȲȶȳɂȳȽȫ ȼȹȿȽȭȰȻȫ Ȳȫ ȵȭȫȸȽȸȹɀȰȷȳɒȼȵȰ 
ȺȻȹȻȫɂȾȸȰ ð VASP ȳ Quantum ESPRESSO [102]. ȚȻȹȻȫɂȾȸȳ ȼȾ ȳȲȭȻɃȰȸȳ ȵȹȻȳȼȽȰɕȳ DFT Ⱦ 
ȹȵȭȳȻȾ ȮȰȸȰȻȫȶȳȲȹȭȫȸȰ ȮȻȫȯȳɒȰȸȽȸȰ ȫȺȻȹȵȼȳȷȫɁȳɒȰ Ⱦ PBE ȺȫȻȫȷȰȽȻȳȲȫɁȳɒȳ, ȵȹȻȳȼȽȰɕȳ ȾȶȽȻȫȷȰȵe 
ȺȼȰȾȯȹȺȹȽȰȸɁȳɒȫȶȰ. Ȓȫ ȺȻȹȻȫɂȾȸȰ ȼȫ Quantum ESPRESSO ȾȶȽȻȫȷȰȵȳȷ ȺȼȰȾȯȹȺȹȽȰȸɁȳɒȫȶȳȷȫ 
ȵȹȻȳɃɕȰȸȳ ȼȾ PBE ȳ PBE-D2 ȿȾȸȵɁȳȹȸȫȶȳ. ȋȯȼȹȻȺɁȳɒȫ ȸȫȭȰȯȰȸȳɀ ȫȽȹȷȼȵȳɀ ȭȻȼȽȫ ȳȼȺȳȽȫȸȫ ɒȰ 
4ĭ4 ȼȾȺȰȻɕȰȶȳɒȳ (32 ȾȮɓȰȸȳȵȹȭȫ ȫȽȹȷȫ). ȚȰȻȳȹȯȳɂȸȰ ȮȻȫȿȰȸȼȵȰ Ȼȫȭȸȳ ȻȫȲȯȭȹɒȰȸȰ ȼȾ ȼȫ 15 ¡ 
ȭȫȵȾȾȷȫ. Ȓȫ ȬȫȲȸȳ ȼȰȽ ȵȹȻȳɃɕȰȸȳ ȼȾ Ȼȫȭȸȳ Ƚȫȶȫȼȳ ȷȫȵȼȳȷȫȶȸȰ ȵȳȸȰȽȳɂȵȰ ȰȸȰȻȮȳɒȰ ȹȯ 480 eV. 
ȜȺȳȸȼȵȫ ȺȹȶȫȻȳȲȫɁȳɒȫ ɒȰ ȾȵɓȾɂȰȸȫ Ȳȫ ȼȭȰ ȳȼȽȻȫȱȳȭȫȸȰ ȼȳȼȽȰȷȰ. Ȓȫ ȼȽȻȾȵȽȾȻȸȾ ȹȺȽȳȷȳȲȫɁȳɒȾ 
ȵȹȻȳɃɕȰȸ ɒȰ Monkhorst-Pack ǂ-ɁȰȸȽȻȳȻȫȸ 4ĭ4ĭ1 ȼȰȽ k-Ƚȫɂȫȵȫ. ȚȻȹȻȫɂȾȸȳ DOS-ȫ ȼȾ ȻȫɌȰȸȳ 
ȵȹȻȳɃɕȰɔȰȷ 10×10ĭ1 ȷȻȰȱȰ. 

 

3.3. ȚȻȳȵȫȲ ȻȰȲȾȶȽȫȽȫ 

ȚȻȰ ȳȲȻȫɂȾȸȫȭȫɔȫ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ, ȳȲȭȻɃȰȸȫ ɒȰ ȹȺȽȳȷȳȲȫɁȳɒȫ ȼȽȻȾȵȽȾȻȰ ȷȹȯȰȶȫ 
ȮȻȫȿȰȸȼȵȰ Ȼȫȭȸȳ. ȏȾȱȳȸȫ CðC ȭȰȲȰ (ȝȫȬȰȶȫ 1) ɒȰ ȹȯȻȰɌȰȸȫ ȳȲ ȷȳȸȳȷȾȷȫ ȵȻȳȭȰ ȾȵȾȺȸȰ ȰȸȰȻȮȳɒȰ 
ȼȳȼȽȰȷȫ Ⱦ ȿȾȸȵɁȳɒȳ ȯȾȱȳȸȰ CðC ȭȰȲȰ (Ȝȶȳȵȫ 1). ȓȲȻȫɂȾȸȫȽȰ ȭȻȰȯȸȹȼȽȳ ȼȰ ȯȹȬȻȹ ȼȶȫȱȾ ȼȫ 
ȰȵȼȺȰȻȳȷȰȸȽȫȶȸȹȷ ȯȾȱȳȸȹȷ CðC ȭȰȲȰ ȹȯ 1.421 Å [103].  
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Ȝȶȳȵȫ 1. ȞȵȾȺȸȫ ȰȸȰȻȮȳɒȫ ȼȳȼȽȰȷȫ Ⱦ ȿȾȸȵɁȳɒȳ ȯȾȱȳȸȰ  CðC ȭȰȲȰ Ȳȫ ȼȭȫ 4  ȵȹȻȳɃɕȰȸȫ 
ȵȹȷȺɒȾȽȫɁȳȹȸȫ ȺȻȳȼȽȾȺȫ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 

 

ȍȻȰȯȸȹȼȽȳ ȵȹɀȰȲȳȹȸȳɀ ȰȸȰȻȮȳɒȫ ȮȻȫȿȰȸȫ, ȳȲȻȫɂȾȸȫȽȰ ȺȻȰȷȫ ȄȰȯȸ. 13, ȺȻȰȯȼȽȫȭɓȰȸȰ ȼȾ Ⱦ 
ȝȫȬȰȶȳ 1 ȳ  ȾȺȹȻȰȯȳȭȰ ȼȾ ȼȫ ȻȰȲȾȶȽȫȽȳȷȫ ȵȭȫȸȽȸȳɀ ȗȹȸȽȰ ȕȫȻȶȹ ȼȳȷȾȶȫɁȳɒȫ ȵȹɒȰ ȼȾ Ȼȫȯȳȶȳ ȣȳȸ 
ȳ ȼȫȻȫȯȸȳɁȳ [105]. ȍȻȰȯȸȹȼȽ ȵȹɀȰȲȳȹȸȰ ȰȸȰȻȮȳɒȰ ȮȻȫȿȰȸȫ Ⱦ Ƚȹɒ ȼȽȾȯȳɒȳ, ȳȲȻȫɂȾȸȫȽȫ ȵȹȻȳɃɕȰɔȰȷ 
PBE-PAW ȺȻȳȼȽȾȺȫ, ȳȲȸȹȼȳ Ĭ7.972 eV atomĬ1. ȍȻȰȯȸȹȼȽȳ ȵȹɀȰȲȳȹȸȳɀ ȰȸȰȻȮȳɒȫ Ⱦ ȯȻȾȮȳȷ 
ȼȽȾȯȳɒȫȷȫ Ⱦ ȵȹɒȳȷȫ ɒȰ ȵȹȻȳɃɕȰȸ ȳȼȽȳ ȺȻȳȼȽȾȺ ȳȲȸȹȼȰ Ĭ7.73 eV atomĬ1 [106] ȳ Ĭ7.9 eV atomĬ1 
[105]. 

țȰȲȾȶȽȫȽ ȣȳȸȫ ȳ ȼȫȻ. [105] Ȳȫ ȵȹɀȰȲȳȹȸȾ ȰȸȰȻȮȳɒȾ, ȳȲȻȫɂȾȸȫȽ ȯȳȿȾȲȸȹȷ ȗȹȸȽȰ ȕȫȻȶȹ 
ȷȰȽȹȯȹȷ ȵȹȻȳȮȹȭȫȸȹ ȸȫ ȰȸȰȻȮȳɒȾ ȸȾȶȽȰ ȽȫɂȵȰ, ȳȲȸȹȼȳ Ĭ7.298 eV atomĬ1. șȭȫ ȭȻȰȯȸȹȼȽ ȭȰȹȷȫ ɒȰ 
Ȭȶȳȼȵȫ ȻȰȲȾȶȽȫȽȾ vdW-DF2 Ⱦ ȹȭȹȷ ȻȫȯȾ, ȯȹȵ ȺȻȹȻȫɂȾȸȳ ȼȫ PBE ȳ  ȯȳȼȺȰȻȲȸȹ ȵȹȻȳȮȹȭȫȸȳȷ PBE 
ȿȾȸȵɁȳȹȸȫȶȳȷȫ ȯȫɒȾ ȻȰȲȾȶȽȫȽȰ ȬȶȳȼȵȰ ȼȫ ȻȫȸȳɒȰ ȺȻȳɒȫȭɓȰȸȳȷ ȭȻȰȯȸȹȼȽȳȷȫ ȳȲ PBE-PAW 
ȺȻȹȻȫɂȾȸȫ (ȝȫȬȰȶȫ 1). ȚȻȹɁȰȸȫ ȰȵȼȺȰȻȳȷȰȸȽȫȶȸȰ ȵȹɀȰȲȳȹȸȰ ȰȸȰȻȮȳɒȰ ȮȻȫȿȰȸȫ ȷȹȱȰ ȼȰ ȯȹȬȳȽȳ ȳȲ 
ȷȰɌȾȼȶȹɒȸȰ ȵȹɀȰȲȳȹȸȰ ȰȸȰȻȮȳɒȰ ȮȻȫȿȳȽȫ, ȵȹɒȫ ɒȰ ȺȻȹɁȰɔȰȸȫ ȸȫ Ĭ0.0615 eV atomĬ1 [105,107], ȳ 
ȰȵȼȺȰȻȳȷȰȸȽȫȶȸȹ ȾȽȭȻɌȰȸȰ ȵȹɀȰȲȳȹȸȰ ȰȸȰȻȮȳɒȰ ȮȻȫȿȳȽȫ, Ĭ7.374 eV atomĬ1 [105,107]. ȓȲ ȹȭȳɀ 
ȭȻȰȯȸȹȼȽȳ, ȵȹɀȰȲȳȹȸȫ ȰȸȰȻȮȳɒȰ ȾȮɓȰȸȳȵȫ Ⱦ ȮȻȫȿȰȸȾ ȳȲȸȹȼȳ ȹȵȹ Ĭ7.312 eV atomĬ1, ɃȽȹ ɒȰ ȭȰȹȷȫ 
Ȭȶȳȼȵȹ ȻȰȲȾȶȽȫȽȾ  Ȳȫ vdW-DF2 Ⱦ ȹȭȹȷ ȻȫȯȾ. 

 

ȝȫȬȰȶȫ 1. șȺȽȳȷȳȲȹȭȫȸȫ ȯȾȱȳȸȫ CðC ȭȰȲȰ ȳ ȭȻȰȯȸȹȼȽȳ ȵȹɀȰȲȳȹȸȰ ȰȸȰȻȮȳɒȰ ȳȲȻȫɂȾȸȫȽȰ 
ȵȹȻȳɃɕȰɔȰȷ ȻȫȲȶȳɂȳȽȳɀ ȵȹȷȺɒȾȽȫɁȳȹȸȳɀ ȺȻȳȼȽȾȺȫ. ȚȹȯȫɁȳ ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [104], 
© Elsevier (2018). 

ȕȹȷȺɒȾȽȫɁȳȹȸȫ ɃȰȷȫ ȏȾȱȳȸȫ CðC ȭȰȲȰ / ¡ ȕȹɀȰȲȳȹȸȫ ȰȸȰȻȮȳɒȫ / eV atomĬ1 

PBE 1.425 Ĭ7.828 

PBE+D2 1.425 Ĭ7.883 

PBE+D3 1.425 Ĭ7.863 

vdW-DF2 1.430 Ĭ7.268 
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Ȝȶȳȵȫ 2. ȎȾȼȽȳȸȰ ȰȶȰȵȽȻȹȸȼȵȳɀ ȼȽȫɔȫ (DOS) Ȳȫ ȮȻȫȿȰȸ ȹȺȽȳȷȳȲȹȭȫȸ ȻȫȲȶȳɂȳȽȳȷ 
ȵȹȷȺɒȾȽȫɁȳȹȸȳȷ ȺȻȳȼȽȾȺȳȷȫ: vdW-DF2, PBE+D3, PBE+D2, PBE. ȐȸȰȻȮȳɒȰ ȸȫ ɀ-ȹȼȳ ȯȫȽȰ ȼȾ Ⱦ 
ȹȯȸȹȼȾ ȸȫ ȟȰȻȷȳɒȰȭȾ ȰȸȰȻȮȳɒȾ (EF) ȼȳȼȽȰȷȫ, ȵȹɒȫ ɒȰ ȽȳȷȰ ȺȹȼȽȫȭɓȰȸȫ ȸȫ ȸȾȶȾ ȹȭȰ ȼȵȫȶȰ 
(ȭȰȻȽȳȵȫȶȸȫ ȳȼȺȻȰȵȳȯȫȸȫ ȶȳȸȳɒȫ). ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 

 

ȋȸȫȶȳȲȫ ȳȲȻȫɂȾȸȫȽȳɀ ȮȾȼȽȳȸȫ ȼȽȫɔȫ (DOS) ɂȳȼȽȹȮ ȮȻȫȿȰȸȫ ȺȹȵȫȲȾɒȰ ȯȫ ȼȭȫ ɂȰȽȳȻȳ 
ȻȫɂȾȸȫȻȼȵȫ ȺȻȳȼȽȾȺȫ ȫȯȰȵȭȫȽȸȹ ȻȰȺȻȹȯȾȵȾɒȾ ȰȶȰȵȽȻȹȸȼȵȾ ȼȽȻȾȵȽȾȻȾ ȮȻȫȿȰȸȫ ȳ ɔȰȮȹȭȹ ȼȭȹɒȼȽȭȹ 
ȸȾȶȽȹȮ ȰȸȰȻȮȰȽȼȵȹȮ ȺȻȹɁȰȺȫ (Ȝȶȳȵȫ 2). ȏȹȬȻȹ ȼȶȫȮȫɔȰ ȳȲȷȰɌȾ ȯȹȬȳɒȰȸȳɀ ȻȰȲȾȶȽȫȽȫ ȳ ȺȻȰȽɀȹȯȸȹ 
ȺȻȳɒȫȭɓȰȸȳɀ ȽȰȹȻȳɒȼȵȳɀ ȳ ȰȵȼȺȰȻȳȷȰȸȽȫȶȸȳɀ ȺȹȯȫȽȫȵȫ ȹ ȼȽȻȾȵȽȾȻȸȳȷ ȳ ȰȶȰȵȽȻȹȸȼȵȳȷ 
ȼȭȹɒȼȽȭȳȷȫ ȮȻȫȿȰȸȫ ȺȹȽȭȻɌȾɒȰ ȯȫ ɒȰ ȯȹȬȳɒȰȸȳ ȼȽȻȾȵȽȾȻȸȳ ȷȹȯȰȶ ȫȯȰȵȭȫȽȫȸ, ȳ ȯȫ ȼȰ ȯȫɓȰ ȷȹȱȰ 
ȵȹȻȳȼȽȳȽȳ Ȳȫ ȺȻȹȾɂȫȭȫɔȰ ȫȽȹȷȼȵȰ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ. 

 

3.3.1. ȐȸȰȻȮȰȽȼȵȳ ȳ ȼȽȻȾȵȽȾȻȸȳ ȺȫȻȫȷȰȽȻȳ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ 

 

ȕȫȹ ɃȽȹ ɒȰ ȺȹȷȰȸȾȽȹ, ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ ȼȰ ȷȹȮȾ ȳȯȰȸȽȳȿȳȵȹȭȫȽȳ ȽȻȳ ȻȫȲȶȳɂȳȽȫ 
ȭȳȼȹȵȹȼȳȷȰȽȻȳɂȸȫ ȷȰȼȽȫ Ȳȫ ȫȯȼȹȻȺɁȳɒȾ ȫȽȹȷȫ: ɒȰȯȸȹȵȹȹȻȯȳȸȳȼȫȸȹ ăȭȻɀò, ȯȭȹȵȹȹȻȯȳȸȳȼȫȸȹ 
ăȷȹȼȽò, ȳ ɃȰȼȽȹȵȹȹȻȯȳȸȳȼȫȸȹ ăɃȾȺɓȳȸȫò ȷȰȼȽȹ. Ȟ ȯȫɓȰȷ ȽȰȵȼȽȾ Ȳȫ ȹȭȫ ȫȯȼȹȻȺɁȳȹȸȫ ȷȰȼȽȫ 
ȵȹȻȳȼȽȳɕȰ ȼȰ ȹȲȸȫȵȰ ătò Ȳȫ ȷȰȼȽȹ ăȭȻɀò (ȰȸȮȶ. top), ăbò Ȳȫ ȷȰȼȽȹ ăȷȹȼȽò (ȰȸȮȶ. bridge) ȳ ăhò Ȳȫ 
ȷȰȼȽȹ ăɃȾȺɓȳȸȫò (ȰȸȮȶ. hollow). ȕȫȹ ȺȻȰȿȰȻȰȸɁȳɒȫȶȸȹ ȷȰȼȽȹ Ȳȫ ȭȰȲȳȭȫɔȰ ȫȽȹȷȫ ȹȲȸȫɂȰȸȹ ɒȰ ȹȸȹ 
ȼȫ ȸȫɒȰȮȲȹȽȰȻȷȸȳɒȹȷ ȫȯȼȹȻȺɁȳɒȹȷ. ȓȯȰȸȽȳȿȳȵȹȭȫȸȫ ȷȰȼȽȫ ȼȾ ȺȻȰȯȼȽȫȭɓȰȸȫ Ⱦ ȝȫȬȰȶȳ 2. 
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ȝȫȬȰȶȫ 2. ȚȻȰȿȰȻȰȸɁȳɒȫȶȸȫ ȷȰȼȽȫ Ȳȫ ȫȯȼȹȻȺɁȳɒȾ ȫȽȹȷȫ ȸȫ ɂȳȼȽȾ ȮȻȫȿȰȸȼȵȾ Ȼȫȭȫȸ. ȜȳȼȽȰȷȳ ȮȯȰ ɒȰ 
Ȑads ȺȹȲȳȽȳȭȸȫ Ȳȫ ȼȭȫ ȽȻȳ ȷȰȼȽȫ ȼȾ ȹȲȸȫɂȰȸȳ ȼȫ na (ȸȰȷȫ ȫȯȼȹȻȺɁȳɒȰ). ȜȳȼȽȰȷȳ ȵȹȯ ȵȹɒȳ ȼȾ ȻȫȲȶȳȵȰ 
Ⱦ Ȑads ȸȫ ȻȫȲȶȳɂȳȽȳȷ ȫȯȼȹȻȺɁȳȹȸȳȷ ȷȰȼȽȳȷȫ ȷȫɔȰ ȹȯ ȽȰȻȷȫȶȸȰ ȰȸȰȻȮȳɒȰ ȸȫ 298 ȕ ȹȲȸȫɂȰȸȰ ȼȾ 
ȼȳȷȬȹȶȹȷ ʾ ȚȹȯȫɁȳ ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 
H      ȰȶȰȷȰȸȽ           He 
t     PBE           b  ʾ
t     PBE+D2           h  ʾ
t     PBE+D3           h  ʾ
t     vdW-DF2           h  ʾ

Li  Be           B C N O F Ne 
h na           b b b b t na 
h h           b b b b t t  ʾ
h h           b b b b t t  ʾ
h b  ʾ           b b b b t t  ʾ

Na Mg           Al Si P S Cl Ar 
h b  ʾ           h b h  ʾ b b  ʾ na 
h h  ʾ           h b h  ʾ b t  ʾ h  ʾ
h h  ʾ           h b h  ʾ b b  ʾ b  ʾ
h b  ʾ           b  ʾ t  ʾ b  ʾ h b  ʾ h  ʾ

K Ca Sc Ti  V Cr Mn Fe Co Ni  Cu Zn Ga Ge As Se Br Kr 
h h h h h b  ʾ h h h h b  ʾ t  ʾ h b  ʾ b  ʾ h  ʾ t  ʾ b  ʾ
h h h h h b h  ʾ h h h t  ʾ h  ʾ h b  ʾ h  ʾ b b  ʾ h  ʾ
h h h h h b  ʾ h h h h t  ʾ h  ʾ h b  ʾ h  ʾ h  ʾ h  ʾ h  ʾ
h h h h h t  ʾ h t h b t  ʾ h  ʾ b  ʾ t  ʾ b  ʾ t  ʾ b  ʾ h  ʾ

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I  Xe 
h h h h h h  ʾ h h h b b  ʾ b  ʾ h t  ʾ b b  ʾ t  ʾ na 
h h h h h h h h h b  ʾ h  ʾ h  ʾ b  ʾ b  ʾ h  ʾ b  ʾ t  ʾ h  ʾ
h h h h h b  ʾ h h h b h  ʾ h  ʾ h  ʾ t  ʾ h  ʾ b  ʾ h  ʾ b  ʾ
h h h h h t  ʾ b  ʾ h b b  ʾ b  ʾ t t  ʾ t  ʾ b  ʾ b  ʾ b  ʾ b  ʾ

Cs Ba La Hf  Ta W Re Os Ir  Pt Au Hg Tl  Pb Bi Po At Rn 
h h h h h h h h b b t  ʾ b  ʾ h t  ʾ b h  ʾ h  ʾ na 
b b  ʾ h h h h h h b b t  ʾ h  ʾ t  ʾ t  ʾ h  ʾ t  ʾ h  ʾ h  ʾ
h b  ʾ h h h h b h b b t  ʾ h  ʾ h  ʾ t  ʾ b  ʾ t  ʾ h  ʾ b  ʾ
h h h h h b t t b b t  ʾ h  ʾ b  ʾ t  ʾ b  ʾ t  ʾ h  ʾ t  ʾ

 
Ȓȫ ȭȰȶȳȵȳ ȬȻȹɒ ȰȶȰȷȰȸȫȽȫ ȺȻȳȷȰɕȾɒȰ ȼȰ ȷȫȶȫ ȻȫȲȶȳȵȫ Ⱦ ȰȸȰȻȮȳɒȳ ȭȰȲȳȭȫɔȫ ȳȲȷȰɌȾ ȬȫȻ ȯȭȫ 

ȫȯȼȹȻȺɁȳȹȸȫ ȷȰȼȽȫ (ȷȫɔȫ ȹȯ ȽȰȻȷȫȶȸȰ ȰȸȰȻȮȳɒȰ ȸȫ 298 ȕ). ȜȽȹȮȫ ȼȰ ȹɂȰȵȾɒȰ ȯȫ ɕȰ ȹȭȳ ȫȯȫȽȹȷȳ 
ȳȷȫȽȳ ȭȳȼȹȵȾ ȷȹȬȳȶȸȹȼȽ ȸȫ ȺȹȭȻɃȳȸȳ ɂȰȼȽȹȮ ȮȻȫȿȰȸȫ. șȭȳ ȻȰȲȾȶȽȫȽȳ ȼȰ ȹȺȫȱȫɒȾ ȺȻȰ ȼȭȰȮȫ Ȳȫ p-
ȰȶȰȷȰȸȽȰ, ȺȶȰȷȰȸȳȽȰ ȮȫȼȹȭȰ, ȳ ȷȰȽȫȶȰ 11. ȳ 12. ȮȻȾȺȰ ȚȜȐ. țȫȲȶȳɂȳȽȰ ȵȹȷȺɒȾȽȫɁȳȹȸȰ ɃȰȷȰ Ⱦ 
ȭȰȶȳȵȹȷ ȬȻȹɒȾ ȼȶȾɂȫɒȰȭȫ ȺȻȰȯȭȳɌȫɒȾ ȳȼȽȫ ȺȻȰȿȰȻȰȸɁȳɒȫȶȸȫ ȫȯȼȹȻȺɁȳȹȸȫ ȷȰȼȽȫ. ȘȰȵȰ ȻȫȲȶȳȵȰ ȼȰ 
ȷȹȮȾ ȾȹɂȳȽȳ Ȳȫ vdW-DF2 ȿȾȸȵɁȳȹȸȫȶ, ȵȹɒȳ Ⱦ ȺȹȻȰɌȰɔȾ ȼȫ PBE (ȼȫ ȳ ȬȰȲ ȯȳȼȺȰȻȲȳȹȸȳɀ 
ȵȹȻȰȵɁȳɒȫ) ȺȻȰȿȰȻȳȻȫ ȸȳȱȰ ȵȹȹȻȯȳȸȳȼȫȸȫ ȷȰȼȽȫ. ȜȻȫɂȾȸȫȽȰ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȵȹȻȳȼȽȰɕȳ 
ɂȰȽȳȻȳ ȵȹȻȳɃɕȰȸȫ ȺȻȳȼȽȾȺȫ ȷȹȮȾ ȼȰ ȭȳȯȰȽȳ ȸȫ Ȝȶȳȵȫȷȫ 3-6, ȳ ȺȻȳȵȫȲȫȸȰ ȼȾ ȼȾȷȫȻȸȹ Ⱦ ȝȫȬȰȶȳ 3). 
 
 

 
Ȝȶȳȵȫ 3. 3D ȯȳɒȫȮȻȫȷ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȳȼȺȳȽȳȭȫȸȳɀ ȰȶȰȷȰȸȫȽȫ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ 
ȵȹȻȳȼȽȰɕȳ PBE ȺȻȳȼȽȾȺ (na ð ȸȰȷȫ ȫȯȼȹȻȺɁȳɒȰ). ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 
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Ȝȶȳȵȫ 4. 3D ȯȳɒȫȮȻȫȷ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȳȼȺȳȽȳȭȫȸȳɀ ȰȶȰȷȰȸȫȽȫ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ 
ȵȹȻȳȼȽȰɕȳ PBE+D2 ȺȻȳȼȽȾȺ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 
 

 
Ȝȶȳȵȫ 5. 3D ȯȳɒȫȮȻȫȷ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȳȼȺȳȽȳȭȫȸȳɀ ȰȶȰȷȰȸȫȽȫ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ 
ȵȹȻȳȼȽȰɕȳ PBE+D3 ȺȻȳȼȽȾȺ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 
 

 
Ȝȶȳȵȫ 6. 3D ȯȳɒȫȮȻȫȷ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȳȼȺȳȽȳȭȫȸȳɀ ȰȶȰȷȰȸȫȽȫ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ 
ȵȹȻȳȼȽȰɕȳ vDW-DF2 ȺȻȳȼȽȾȺ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 
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ȝȫȬȰȶȫ 3. ȞȯȫɓȰȸȹȼȽ ȫȯȼȹȻȬȫȽ ð ȾȮɓȰȸȳȵ (Ⱦ ɒȰȯȳȸȳɁȫȷȫ ¡) Ȳȫ ȺȻȰȿȰȻȰȸɁȳɒȫȶȸȹ ȫȯȼȹȻȺɁȳȹȸȹ 
ȷȰȼȽȹ ȺȻȳȵȫȲȫȸȹ Ⱦ ȝȫȬȰȶȳ 2. ȚȹȯȫɁȳ ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 
H      ȰȶȰȷȰȸȽ           He 
1.126     PBE           3.419 

1.125     PBE+D2           3.215 

1.127     PBE+D3           3.286 

1.123     vdW-DF2           3.226 

Li  Be           B C N O F Ne 
2.230 na           1.842 1.527 1.462 1.459 1.561 na 

2.271 2.049           1.842 1.526 1.461 1.458 1.560 2.910 

2.230 2.052           1.848 1.527 1.462 1.459 1.560 2.947 

2.264 3.654           1.696 1.534 1.487 1.504 1.823 2.933 

Na Mg           Al Si P S Cl Ar 
2.724 3.924           2.567 2.189 3.770 1.918 3.206 na 

2.669 3.491           2.571 2.191 3.457 1.918 3.006 3.477 

2.723 3.673           2.611 2.192 3.611 1.918 3.170 3.445 

2.861 3.805           2.454 2.635 3.461 3.556 3.185 3.612 

K Ca Sc Ti  V Cr Mn Fe Co Ni  Cu Zn Ga Ge As Se Br Kr 
2.960 2.708 2.439 2.331 2.333 2.374 2.516 2.109 2.101 2.114 2.191 3.855 2.630 2.430 4.079 3.699 3.115 3.888 
2.974 2.734 2.432 2.324 2.327 2.377 2.514 2.105 2.094 2.109 2.069 3.416 2.627 2.432 3.554 2.142 3.321 3.664 
2.986 2.712 2.439 2.331 2.333 2.381 2.559 2.131 2.100 2.112 2.101 3.582 2.716 2.473 3.769 3.550 3.586 3.785 
3.099 2.882 2.567 2.435 2.456 2.517 3.823 3.498 2.214 2.014 2.483 3.783 2.688 2.696 3.577 3.282 3.378 3.774 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I  Xe 
3.119 2.884 2.563 2.450 2.275 2.204 2.185 2.239 2.276 2.173 3.591 4.131 2.808 2.702 3.872 3.693 3.691 na 
3.121 2.915 2.554 2.440 2.265 2.201 2.181 2.230 2.276 2.173 3.263 3.494 2.650 2.746 3.691 3.377 3.424 3.816 
3.129 2.887 2.563 2.450 2.275 2.478 2.184 2.249 2.277 2.176 3.561 3.727 2.952 2.716 3.947 3.538 3.694 3.649 
3.276 3.128 2.776 2.554 2.447 2.796 2.973 2.365 2.200 2.313 3.430 3.644 2.882 2.941 3.711 3.684 3.660 3.624 

Cs Ba La Hf  Ta W Re Os Ir  Pt Au Hg Tl  Pb Bi Po At Rn 
3.259 2.964 2.671 2.401 2.348 2.220 2.208 2.233 2.072 2.097 2.451 4.095 2.939 2.881 4.032 4.443 4.172 na 
3.249 2.779 2.644 2.391 2.338 2.231 2.202 2.232 2.073 2.093 2.343 3.470 2.673 2.835 3.687 3.400 3.776 3.745 
3.275 2.978 2.676 2.402 2.348 2.238 3.374 2.258 2.077 2.098 2.489 3.583 3.016 2.901 3.822 3.547 3.900 3.693 
3.418 3.123 2.824 2.595 2.495 2.442 3.576 3.610 2.162 2.177 3.126 3.747 3.042 2.973 3.780 3.737 4.025 3.657 

 

ȝȫȬȰȶȫ 4. ȓȲȻȫɂȾȸȫȽȰ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȫ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ, Ⱦ ɒȰȯȳȸȳɁȫȷȫ ȰV. ȚȹȯȫɁȳ 
ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 
H      ȰȶȰȷȰȸȽ           He 
Ĭ0.84     PBE           Ĭ0.01 

Ĭ0.91     PBE+D2           Ĭ0.03 

Ĭ0.88     PBE+D3           Ĭ0.04 

Ĭ0.91     vdW-DF2           Ĭ0.03 

Li  Be           B C N O F Ne 
Ĭ1.19 na           Ĭ0.88 Ĭ1.46 Ĭ0.91 Ĭ2.06 Ĭ1.73 na 

Ĭ1.56 Ĭ0.10           Ĭ1.04 Ĭ1.59 Ĭ1.03 Ĭ2.15 Ĭ1.83 Ĭ0.04 

Ĭ1.23 Ĭ0.02           Ĭ0.96 Ĭ1.52 Ĭ0.98 Ĭ2.12 Ĭ1.79 Ĭ0.03 

Ĭ1.05 Ĭ0.16           Ĭ0.50 Ĭ1.04 Ĭ0.59 Ĭ1.48 Ĭ1.65 Ĭ0.04 

Na Mg           Al Si P S Cl Ar 
Ĭ0.55 Ĭ0.03           Ĭ0.88 Ĭ0.44 Ĭ0.00 Ĭ0.66 Ĭ0.79 na 
Ĭ0.93 Ĭ0.11           Ĭ1.09 Ĭ0.64 Ĭ0.12 Ĭ0.83 Ĭ0.92 Ĭ0.08 
Ĭ0.64 Ĭ0.24           Ĭ0.99 Ĭ0.55 Ĭ0.14 Ĭ0.80 Ĭ0.93 Ĭ0.09 
Ĭ0.49 Ĭ0.16           Ĭ0.60 Ĭ0.30 Ĭ0.19 Ĭ0.46 Ĭ1.04 Ĭ0.11 

K Ca Sc Ti  V Cr Mn Fe Co Ni  Cu Zn Ga Ge As Se Br Kr 
Ĭ0.94 Ĭ0.65 Ĭ1.37 Ĭ1.68 Ĭ1.07 Ĭ0.24 Ĭ0.15 Ĭ0.70 Ĭ1.22 Ĭ1.40 Ĭ0.27 Ĭ0.02 Ĭ0.73 Ĭ0.26 Ĭ0.02 Ĭ0.12 Ĭ0.53 Ĭ0.01 
Ĭ1.24 Ĭ0.91 Ĭ1.61 Ĭ1.93 Ĭ1.32 Ĭ0.52 Ĭ0.38 Ĭ0.98 Ĭ1.50 Ĭ1.67 Ĭ0.55 Ĭ0.17 Ĭ0.99 Ĭ0.53 Ĭ0.17 Ĭ0.32 Ĭ0.73 Ĭ0.13 
Ĭ1.07 Ĭ0.75 Ĭ1.48 Ĭ1.80 Ĭ1.18 Ĭ0.38 Ĭ0.30 Ĭ0.82 Ĭ1.32 Ĭ1.50 Ĭ0.44 Ĭ0.21 Ĭ0.90 Ĭ0.41 Ĭ0.15 Ĭ0.27 Ĭ0.72 Ĭ0.12 
Ĭ0.86 Ĭ0.42 Ĭ0.75 Ĭ0.90 Ĭ0.71 Ĭ0.31 Ĭ0.18 Ĭ0.30 Ĭ0.25 Ĭ0.73 Ĭ0.22 Ĭ0.15 Ĭ0.53 Ĭ0.28 Ĭ0.20 Ĭ0.37 Ĭ0.80 Ĭ0.14 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I  Xe 
Ĭ0.95 Ĭ0.60 Ĭ1.46 Ĭ2.02 Ĭ1.36 Ĭ0.15 Ĭ1.14 Ĭ1.60 Ĭ1.76 Ĭ1.11 Ĭ0.03 Ĭ0.02 Ĭ0.57 Ĭ0.15 Ĭ0.01 Ĭ0.06 Ĭ0.35 nb 
Ĭ1.32 Ĭ0.95 Ĭ1.78 Ĭ2.36 Ĭ1.73 Ĭ0.53 Ĭ1.53 Ĭ1.97 Ĭ2.13 Ĭ1.47 Ĭ0.32 Ĭ0.22 Ĭ0.95 Ĭ0.50 Ĭ0.22 Ĭ0.28 Ĭ0.55 Ĭ0.18 
Ĭ1.11 Ĭ0.73 Ĭ1.58 Ĭ2.15 Ĭ1.48 Ĭ0.29 Ĭ1.27 Ĭ1.78 Ĭ1.90 Ĭ1.29 Ĭ0.24 Ĭ0.22 Ĭ0.78 Ĭ0.32 Ĭ0.15 Ĭ0.25 Ĭ0.52 Ĭ0.16 
Ĭ0.88 Ĭ0.49 Ĭ1.01 Ĭ1.14 Ĭ0.94 Ĭ0.27 Ĭ0.29 Ĭ0.78 Ĭ1.00 Ĭ0.82 Ĭ0.20 Ĭ0.16 Ĭ0.53 Ĭ0.28 Ĭ0.22 Ĭ0.31 Ĭ0.59 Ĭ0.16 

Cs Ba La Hf  Ta W Re Os Ir  Pt Au Hg Tl  Pb Bi Po At Rn 
Ĭ1.11 Ĭ1.05 Ĭ1.93 Ĭ1.49 Ĭ1.57 Ĭ0.52 Ĭ0.05 Ĭ0.89 Ĭ1.33 Ĭ1.46 Ĭ0.13 Ĭ0.02 Ĭ0.56 Ĭ0.14 Ĭ0.01 Ĭ0.05 Ĭ0.26 na 
Ĭ2.17 Ĭ1.95 Ĭ2.75 Ĭ2.13 Ĭ2.16 Ĭ1.13 Ĭ0.66 Ĭ1.49 Ĭ1.90 Ĭ2.02 Ĭ0.69 Ĭ0.36 Ĭ0.89 Ĭ0.53 Ĭ0.28 Ĭ0.29 Ĭ0.50 Ĭ0.24 
Ĭ1.28 Ĭ1.08 Ĭ2.07 Ĭ1.62 Ĭ1.72 Ĭ0.74 Ĭ0.33 Ĭ1.13 Ĭ1.54 Ĭ1.76 Ĭ0.36 Ĭ0.25 Ĭ0.82 Ĭ0.34 Ĭ0.16 Ĭ0.25 Ĭ0.45 Ĭ0.17 
Ĭ1.03 Ĭ0.95 Ĭ1.42 Ĭ0.81 Ĭ0.45 Ĭ0.23 Ĭ0.22 Ĭ0.29 Ĭ0.54 Ĭ1.06 Ĭ0.42 Ĭ0.17 Ĭ0.57 Ĭ0.30 Ĭ0.22 Ĭ0.28 Ĭ0.49 Ĭ0.17 

 

Ȓȫ ȼȭȫ 4 ȺȻȳȼȽȾȺȫ ȲȫȺȫȱȫ ȼȰ ȼȶȳɂȫȸ ȽȻȰȸȯ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ɂȳȼȽ ȮȻȫȿȰȸ (Ȝȶȳȵȫ 7). Ȓȫ ȭȰɕȳȸȾ 

ȰȶȰȷȰȸȫȽȫ ɒȫɂȳȸȫ ȳȸȽȰȻȫȵɁȳɒȰ ȺȻȫȽȳ ȽȻȰȸȯ Ὁads
vdW-DF2 Ὁads

PBE Ὁads
PBE+D3 Ὁads

PBE+D2. ȕȫȵȹ ɒȰ 
ȺȹȷȰȸȾȽȹ, ȻȫȲȶȳȵȰ ȼȰ ɒȫȭɓȫɒȾ ȵȹȯ p-ȰȶȰȷȰȸȫȽȫ, ȺȶȰȷȰȸȳȽȳɀ Ȯȫȼȹȭȫ, ȳ ȷȰȽȫȶȫ 11. ȳ 12. ȮȻȾȺȰ, Ȳȫ ȵȹɒȰ 
ɂȳȼȽ PBE ȺȻȳȼȽȾȺ ȺȻȰȯȭȳɌȫ Eads ȵȹɒȫ ɒȰ ɒȫȵȹ Ȭȶȳȼȵȫ ȸȾȶȳ ȳȶȳ ɂȫȵ ȳ ȺȹȲȳȽȳȭȸȫ. ȕȹȯ ȹȭȳɀ ȼȳȼȽȰȷȫ 
ȯȳȼȺȰȻȲȳȹȸȰ ȳȸȽȰȻȫȵɁȳɒȰ ȯȫɒȾ Ȳȸȫɂȫɒȫȸ ȯȹȺȻȳȸȹȼ ȼȻȫɂȾȸȫȽȹɒ ȰȸȰȻȮȳɒȳ ȭȰȲȳȭȫɔȫ, Ƚȫȵȹ ȯȫ ȼȭȫ ȽȻȳ 
ȯȳȼȺȰȻȲȳȹȸȹ ȵȹȻȳȮȹȭȫȸȫ ȺȻȳȼȽȾȺȫ ȺȻȰȯȭȳɌȫɒȾ ȰȮȲȹȽȰȻȷȸȹ ȭȰȲȳȭȫɔȰ. 
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Ȝȶȳȵȫ 7. ȕȹȻȰȶȫɁȳɒȫ ȳȲȷȰɌȾ Ὁads

PBE+D2ȟ Ὁads
PBE+D3ȟὉads

vdW-DF2  ̉ Ὁads
PBE Ȳȫ ȫȯȼȹȻȺɁȳɒȾ 

ȰȶȰȷȰȸȫȽȫ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 
 

ȓȲ ȻȰȲȾȶȽȫȽȫ ȼȰ ȽȫȵȹɌȰ ȷȹȱȰ ȲȫȵɓȾɂȳȽȳ ȯȫ ȺȻȳȻȹȯȫ ȳȸȽȰȻȫȵɁȳɒȰ ȮȻȫȿȰȸȫ ȼȫ ȻȫȲȶȳɂȳȽȳȷ 
ȰȶȰȷȰȸȽȳȷȫ  ȭȫȻȳȻȫ Ⱦ ȭȰȶȳȵȹɒ ȷȰȻȳ. ȏȫ Ȭȳȼȷȹ Ƚȹ ȳȶȾȼȽȻȹȭȫȶȳ, ȵȹȻȳȼȽȳɕȰȷȹ Na, O ȳ Ne ȵȫȹ 
ȺȻȰȯȼȽȫȭȸȳȵȰ ȻȫȲȶȳɂȳȽȳɀ ȽȳȺȹȭȫ ȭȰȲȳȭȫɔȫ ȼȫ ȮȻȫȿȰȸȹȷ. ȕȹȸȵȻȰȽȸȹ, Ⱦ ȼȶȾɂȫɒȾ Na ȯȹȷȳȸȳȻȫ 
ɒȹȸȼȵȫ ȳȸȽȰȻȫȵɁȳɒȫ. ȚȹȲȳȽȳȭȸȹ ȸȫȰȶȰȵȽȻȳȼȫȸȳ Na ȸȫȶȫȲȳ ȼȰ ȳȲȸȫȯ ȫȯȼȹȻȺɁȳȹȸȹȮ ȷȰȼȽȫ ăhò, ȵȹɒȰ 
ȺȻȳȷȫ ȸȫȰȶȰȵȽȻȳȼȫɔȰ ȹȯ ȫȯȫȽȹȷȫ. ȋȯȼȹȻȺɁȳɒȫ Na ȯȹȭȹȯȳ ȯȹ ȺȹȷȰȻȫɔȫ ȟȰȻȷȳɒȰȭȹȮ ȸȳȭȹȫ ȲȬȹȮ 
ȺȻȰȸȹȼȫ ȸȫȰȶȰȵȽȻȳȼȫɔȫ ȼȫ Na ȸȫ ȮȻȫȿȰȸ, ȬȰȲ Ȳȸȫɂȫɒȸȳɀ ȺȻȹȷȰȸȫ Ǯ ȰȶȰȵȽȻȹȸȼȵȹȮ ȼȳȼȽȰȷȫ ȳȶȳ 
ȸȫȬȳȻȫɔȫ ȮȻȫȿȰȸȼȵȰ Ȼȫȭȸȳ (Ȝȶȳȵȫ 8, ȶȰȭȹ).  
 

 
 
Ȝȶȳȵȫ 8. DOS ȵȻȳȭȰ Ȳȫ ȫȯȼȹȻȺɁȳɒȾ Na (ȶȰȭȹ), O (ȼȻȰȯȳȸȫ) ȳ Ne (ȯȰȼȸȹ) ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ, 
ȳȲȻȫɂȾȸȫȽȰ ȵȹȻȳȼȽȰɕȳ PBE+D2 (Ƚȫȸȵȫ ɁȻȸȫ ȶȳȸȳɒȫ) ȳ vdW-DF2 ȿȾȸȵɁȳȹȸȫȶ (ɁȻȭȰȸȫ ȶȳȸȳɒȫ). 
ȓȲȸȫȯ ȼȭȫȵȰ ȹȯ ȵȻȳȭȳɀ ȼȾ ȹȯȮȹȭȫȻȫɒȾɕȰ ȹȺȽȳȷȳȲȹȭȫȸȰ ȮȰȹȷȰȽȻȳɒȰ ȼȳȼȽȰȷȫ, ȯȹȬȳɒȰȸȰ PBE+D2 
ȺȻȳȼȽȾȺȹȷ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 
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Ȟ ȼȶȾɂȫɒȾ ȵȳȼȰȹȸȳȵȫ ȿȹȻȷȳȻȫɒȾ ȼȰ ȵȹȭȫȶȰȸȽȸȰ ȭȰȲȰ ȼȫ ȾȮɓȰȸȳȵȹȭȳȷ ȫȽȹȷȳȷȫ ȳȲ ȬȫȲȫȶȸȰ Ȼȫȭȸȳ 
ȮȻȫȿȰȸȫ. ȏȹȶȫȲȳ ȯȹ ȲȸȫɂȫɒȸȰ ȻȰɀȳȬȻȳȯȳȲȫɁȳɒȰ sp2 ȹȻȬȳȽȫȶȫ ȾȮɓȰȸȳȵȹȭȳɀ ȫȽȹȷȫ ȹȵȹ ȷȰȼȽȫ 
ȫȯȼȹȻȺɁȳɒȰ, ɃȽȹ ȯȹȭȹȯȳ ȯȹ ȯȰȿȹȻȷȫɁȳɒȰ ȬȫȲȫȶȸȰ Ȼȫȭȸȳ (Ȝȶȳȵȫ 8, ȼȻȰȯȳȸȫ). Ȟ ȼȶȾɂȫɒȾ Ne, 
ȯȳȼȺȰȻȲȳɒȫ ȯȹȷȳȸȳȻȫ Ⱦ ȳȸȽȰȻȫȵɁȳɒȳ ȳ ȸȰȷȫ ȲȸȫɂȫɒȸȹȮ ȺȻȰȸȹȼȫ ȸȫȰȶȰȵȽȻȳȼȫɔȫ (Ȝȶȳȵȫ 8, ȯȰȼȸȹ). 
ȋȯȫȽȹȷ ɒȰ ȯȫȶȰȵȹ ȹȯ ȬȫȲȫȶȸȰ Ȼȫȭȸȳ ȮȻȫȿȰȸȫ, ȵȹɒȫ ȸȳɒȰ ȯȰȿȹȻȷȳȼȫȸȫ, Ȳȫ ȻȫȲȶȳȵȾ ȹȯ ȼȶȾɂȫɒȫ 
ȫȯȼȹȻȺɁȳɒȰ O. 

3.3.2. ȞȽȳɁȫɒ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ 

ȕȹȻȳɃɕȰɔȰ ȯȳȼȺȰȻȲȳȹȸȹ ȵȹȻȳȮȹȭȫȸȳɀ ȳȶȳ ȸȰȶȹȵȫȶȸȳɀ ȿȾȸȵɁȳȹȸȫȶȫ ɒȰ ȸȰȹȺɀȹȯȸȹ ȵȫȯȫ 
ȼȾ ȳȸȽȰȻȫȵɁȳɒȰ ȼȶȫȬȰ ȳ ȸȰ ȯȹȶȫȲȳ ȯȹ ȼȽȭȫȻȫɔȫ ȺȻȫȭȰ ɀȰȷȳɒȼȵȰ ȭȰȲȰ. Ȟ ȼȭȳȷ ȻȫȲȷȫȽȻȫȸȳȷ 
ȼȶȾɂȫɒȰȭȳȷȫ ȼȶȫȬȫ ȳȸȽȰȻȫȵɁȳɒȫ ȹȯȮȹȭȫȻȫ ȻȰȶȫȽȳȭȸȹ ȭȰȶȳȵȳȷ ȾȯȫɓȰȸȹȼȽȳȷȫ ȳȲȷȰɌȾ ȫȯȫȽȹȷȫ ȳ 
ȬȫȲȫȶȸȰ Ȼȫȭȸȳ ȮȻȫȿȰȸȫ, ɃȽȹ ȼȰ ȷȹȱȰ ȾȹɂȳȽȳ ȸȫ ȼȽȻȾȵȽȾȻȫȷȫ ȸȫ ȜȶȳɁȳ 8. ȳ Ⱦ ȹȭȳȷ ȼȶȾɂȫɒȰȭȳȷȫ 
ȺȻȳȭȶȫɂȸȳ ɂȶȫȸ Ⱦ ȸȰȶȹȵȫȶȸȹȷ ȿȾȸȵɁȳȹȸȫȶȾ ȯȹȷȳȸȳȻȫ ȳȸȽȰȻȫȵɁȳɒȫȷȫ. ȕȫȯȫ ɒȰ ȫȯȫȽȹȷ ȬȶȳȲȾ 
ȬȫȲȫȶȸȰ Ȼȫȭȸȳ ȮȻȫȿȰȸȫ, ȯȰȹ ȵȹȻȰȶȫɁȳɒȰ ȳ ȳȲȷȰȸȰ ɒȰ ȹȯȬȹɒȫȸ, ɃȽȹ ȼȶȫȬȳ ȭȰȲȳȭȫɔȰ. ȗȹȱȰ ȼȰ 
ȹɂȰȵȳȭȫȽȳ ȯȫ ɕȰ vdW-DF2 ȯȫȽȳ ȸȫɒȬȹɓȾ ȺȻȹɁȰȸȾ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ, ȯȹȵ Ȭȳ PBE ȳ 
ȯȳȼȺȰȻȲȳȹȸȹ-ȵȹȻȳȮȹȭȫȸȰ PBE ȼɀȰȷȰ ȷȹȮȶȰ ȻȰȲȾȶȽȹȭȫȽȳ ȺȻȰȵȹȷȰȻȸȳȷ ȭȰȲȳȭȫɔȰȷ. 

ȗȹȮȾ ȼȰ ȺȻȳȷȰȽȳȽȳ ȳ ȹȯȻȰɌȰȸȳ ȽȻȰȸȯȹȭȳ Ⱦ ȫȯȼȹȻȺɁȳɒȳ ȯȾȱ ȮȻȾȺȫ ȚȜȐ. Șȫ ȺȻȳȷȰȻ, ȵȹȯ p-
ȰȶȰȷȰȸȫȽȫ ȺȻȳȷȰɕȾɒȰȷȹ ȯȫ ȭȰȲȳȭȫɔȰ ȼȶȫȬȳ ȵȫȵȹ ȫȽȹȷȼȵȳ ȬȻȹɒ ȻȫȼȽȰ, ȯȹȵ ȫȯȼȹȻȺɁȳɒȫ ȺȶȰȷȰȸȳȽȳɀ 
Ȯȫȼȹȭȫ ɒȫɂȫ ȵȫȵȹ ȫȽȹȷȼȵȳ ȬȻȹɒ ȻȫȼȽȰ. ȓȼȽȻȫȱȳȭȫɔȫ ȵȹɒȫ ȼȰ ȬȫȭȰ ȫȯȼȹȻȺɁȳɒȹȷ ȺȶȰȷȰȸȳȽȳɀ Ȯȫȼȹȭȫ ȸȫ 
ȮȻȫȿȰȸȾ ȼȾ ȺȻȳȶȳɂȸȹ ȻȰȽȵȫ. ȚȶȰȷȰȸȳȽȳ Ȯȫȼȹȭȳ ȼȾ ȽȫȵȹɌȰ Ȭȳȶȳ ȳȲȹȼȽȫȭɓȰȸȳ Ⱦ ȺȻȰȽɀȹȯȸȳȷ 
ȼȳȼȽȰȷȫȽȼȵȳȷ ȼȽȾȯȳɒȫȷȫ ȫȽȹȷȼȵȰ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ȮȻȫȿȰȸȾ [82,86]. Ȟ ȳȸȽȰȻȫȵɁȳɒȳ ȺȶȰȷȰȸȳȽȳɀ 
Ȯȫȼȹȭȫ ȼȫ ȮȻȫȿȰȸȹȷ ȯȹȷȳȸȳȻȫ ȯȳȼȺȰȻȲȳȹȸȫ ȳȸȽȰȻȫȵɁȳɒȫ, ȼȽȹȮȫ ȸȳɒȰ ȳȲȸȰȸȫɌȾɒȾɕȰ ȯȫ ɒȰ ɒȫɂȳȸȫ 
ȭȰȲȳȭȫɔȫ ȵȹȻȰȶȳȼȫȸȫ ȼȫ ȺȹȶȫȻȳȲȫȬȳȶȸȹɃɕȾ ȰȶȰȵȽȻȹȸȼȵȹȮ ȹȬȶȫȵȫ ȺȶȰȷȰȸȳȽȳɀ Ȯȫȼȹȭȫ. Șȫ ȜȶȳɁȳ 9 
ȺȻȰȯȼȽȫȭɓȰȸȫ ɒȰ ȲȫȭȳȼȸȹȼȽ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȹȯ ȺȹȶȫȻȳȲȫȬȳȶȸȹȼȽȳ ȫȽȹȷȫ ȺȶȰȷȰȸȳȽȳɀ Ȯȫȼȹȭȫ 
[108ð111], ȳ Ȳȫ PBE+D2 ȺȻȳȼȽȾȺ ȺȻȳȷȰɕȾɒȰ ȼȰ ȺȻȫȵȽȳɂȸȹ ȶȳȸȰȫȻȸȫ ȲȫȭȳȼȸȹȼȽ. PBE+D3 ȳ vdW-
DF2 ȺȹȵȫȲȾɒȾ ȭȰɕȫ ȹȯȼȽȾȺȫɔȫ Ȳȫ Rn, ȫȶȳ ɒȰ ȺȻȳȷȰȽȫȸ ȳȼȽȳ ȹȺɃȽȳ ȽȻȰȸȯ. 

șȭȫ ȵȹȻȰȶȫɁȳɒȫ ɒȰ ȹɂȰȵȳȭȫȸȫ ȫȵȹ ȼȰ ȾȲȷȾ Ⱦ ȹȬȲȳȻ ȹȼȸȹȭȸȰ ȽȰȹȻȳɒȰ ȰȷȺȳȻȳɒȼȵȳɀ ȵȹȻȰȵɁȳɒȫ 
Ȳȫ ȯȳȼȺȰȻȲȳȹȸȰ ȳȸȽȰȻȫȵɁȳɒȰ, ȺȹɃȽȹ ȯȳȼȺȰȻȲȳȹȸȳ ȵȹȰȿȳɁȳɒȰȸȽȳ ȲȫȭȳȼȰ ȹȯ ȫȽȹȷȼȵȳɀ 
ȺȹȶȫȻȳȲȫȬȳȶȸȹȼȽȳ [95,96]. Ȓȫȸȳȷɓȳȭȹ ɒȰ ȯȫ ȰȷȺȳȻȳɒȼȵȫ ȵȹȻȰȵɁȳɒȫ ȺȻȹȳȲȭȹȯȳ ȳȼȽȳ ȽȻȰȸȯ ȵȫȹ 
ȰȵȼȺȶȳɁȳȽȸȹ ȽȻȰȽȳȻȫɔȰ ȸȰȶȹȵȫȶȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ ȵȹȻȳɃɕȰɔȰȷ vdW-DF2 ȺȻȳȼȽȾȺȫ. 

 
Ȝȶȳȵȫ 9. ȕȹȻȰȶȫɁȳɒȫ  Ὁads

PBE+D2ȟ Ὁads
PBE+D3ȟὉads

vdW-DF2  ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ ȳ 
ȺȹȶȫȻȳȲȫȬȳȶȸȹȼȽȳ ȫȽȹȷȫ ȺȶȰȷȰȸȳȽȳɀ Ȯȫȼȹȭȫ. Ȓȫ ȭȻȰȯȸȹȼȽȳ ȹȯ He ȯȹ Xe ȵȹȻȳɃɕȰȸȰ ȼȾ 
ȰȵȼȺȰȻȳȷȰȸȽȫȶȸȰ ȭȻȰȯȸȹȼȽȳ, ȯȹȵ ɒȰ Ȳȫ Rn ȺȻȳȵȫȲȫȸȫ ȽȰȹȻȰȽȼȵȳ ȳȲȻȫɂȾȸȫȽȫ ȭȻȰȯȸȹȼȽ 
ȺȹȶȫȻȳȲȫȬȳȶȸȹȼȽȳ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 
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șȯȻȰɌȰȸȰ ȺȻȫȭȳȶȸȹȼȽȳ ȾȹɂȫȭȫɒȾ ȼȰ Ⱦ ȫȽȹȷȼȵȹɒ ȫȯȼȹȻȺɁȳɒȳ ȳ ȯȾȱ ȮȻȾȺȫ ȚȜȐ (ȜȶȳȵȰ 3-6), ȳ 
Ⱦ ȝȫȬȰȶȳ 4. șȭȰ ȺȻȫȭȳȶȫ ȼȾ ȺȹȭȰȲȫȸȫ ȼȫ ȰȶȰȵȽȻȹȸȼȵȳȷ ȵȹȸȿȳȮȾȻȫɁȳɒȫȷȫ ȫȯȼȹȻȬȫȽȫ. ȚȻȭȹ, 
ȾȺȹȻȰɌȾɒȾɕȳ ȫȶȵȫȶȸȰ ȳ ȲȰȷȸȹȫȶȵȫȶȸȰ ȷȰȽȫȶȰ, ȭȳȯȳ ȼȰ ȯȫ nsį ȵȹȸȿȳȮȾȻȫɁȳɒȫ ȾȭȰȵ ȯȫɒȰ ȼȶȫȬȳɒȰ 
ȭȰȲȳȭȫɔȰ Ⱦ ȺȹȻȰɌȰɔȾ ȼȫ nsĮ ȵȹȸȿȳȮȾȻȫɁȳɒȹȷ. Ȝȫ ȺȹȺȾɔȫȭȫɔȰȷ d-ȹȻȬȳȽȫȶȰ ɒȫɂȳȸȫ ȭȰȲȳȭȫɔȫ ȻȫȼȽȰ, 
ȺȻȹȶȫȲȳ ȵȻȹȲ ȷȫȵȼȳȷȾȷ ȳ ȹȺȫȯȫ Ȳȫ ȰȶȰȷȰȸȽȰ ȼȫ ȺȹȶȾȺȹȺȾɔȰȸȹȷ d-ȹȻȬȳȽȫȶȹȷ (Cr, Mo, W). Șȫȵȹȸ 
ȽȹȮȫ, ɒȫɂȳȸȫ ȭȰȲȳȭȫɔȫ ȺȻȹȶȫȲȳ ȵȻȹȲ ɒȹɃ ɒȰȯȫȸ ȷȫȵȼȳȷȾȷ ȳ ȹȺȫȯȫ Ⱥȹȸȹȭȹ ȵȫȯȫ ȼȰ d-ȹȻȬȳȽȫȶȫ 
ȺȹȺȾȸȳ ȳ ȫȽȹȷȳ ȯȹȼȽȳȮȸȾ nsį(nĬ1)d10 ȵȹȸȿȳȮȾȻȫɁȳɒȾ (Zn, Cd, Hg). ȜȳȽȾȫɁȳɒȫ ɒȰ ȼȶȳɂȸȫ ȳ Ȳȫ p-
ȰȶȰȷȰȸȽȰ. ȘȫȳȷȰ, ȸȫɒȼȶȫȬȳɒȰ ȭȰȲȳȭȫɔȰ ȯȾȱ ȻȰȯȫ ȺȻȳȷȰɕȾɒȰ ȼȰ Ȳȫ ȰȶȰȷȰȸȽȰ ȼȫ ȸȫɒȭȳɃȳȷ 
ȷȾȶȽȳȺȶȳɁȳȽȰȽȹȷ ȳȲȹȶȹȭȫȸȳɀ ȫȽȹȷȫ (ɃȽȹ ȹȯȮȹȭȫȻȫ npİ ȵȹȸȿȳȮȾȻȫɁȳɒȳ). ȄȹɃ ɒȰȯȫȸ ȷȳȸȳȷȾȷ ȼȰ 
ȯȹȼȽȳȱȰ Ȳȫ ȺȶȰȷȰȸȳȽȰ ȮȫȼȹȭȰ ȮȯȰ ɒȰ ȰȶȰȵȽȻȹȸȼȵȫ ɓȾȼȵȫ ȺȹȽȺȾȸȹ ȺȹȺȾɔȰȸȫ. 

ȚȻȳȷȰɕȰȸȳ ȽȻȰȸȯȹȭȳ ȼȾ ȯȹ ȹȯȻȰɌȰȸȹȮ ȼȽȰȺȰȸȫ Ȭȳȶȳ ȾȹɂȰȸȳ ȳ ȻȫȸȳɒȰ [86], ȺȻȰȽȰȱȸȹ Ȳȫ 3d 
ȰȶȰȷȰȸȽȰ, ȫȶȳ ȺȹȼȽȹɒȰ ȳ ȸȰȵȰ ȻȫȲȶȳȵȰ. ȘȫɒȳȲȻȫȱȰȸȳɒȫ ȻȫȲȶȳȵȫ ȺȻȹȸȫɌȰȸȫ ɒȰ Ȳȫ Mo, Ȳȫ ȵȹɒȳ ȼȰ 
ȺȻȰȯȭȳɌȫ ȸȫɒɒȫɂȰ ȭȰȲȳȭȫɔȰ ȷȰɌȾ ȼȭȳȷ ȰȶȰȷȰȸȽȳȷȫ, ȯȹȵ ɒȰ Ⱦ ȹȭȹȷ ȻȫȯȾ ȺȻȰȯȭȳɌȰȸȫ ȺȻȳȶȳɂȸȹ ȼȶȫȬȫ 
ȿȳȲȳȼȹȻȺɁȳɒȫ ȼȫ Ȳȸȫɂȫɒȸȳȷ ȯȹȺȻȳȸȹȼȹȷ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ (ȜȶȳȵȰ 3-6). ȝȫȵȹɌȰ, 
ȻȫȲȶȳɂȳȽȳ ȽȻȰȸȯȹȭȳ ȼȰ ȺȻȳȷȰɕȾɒȾ Ȳȫ ɂȳȽȫȭȾ 6. ȮȻȾȺȾ ȚȜȐ, ȮȯȰ ȺȻȰȯȭȳɌȫȷȹ ȭȰȲȳȭȫɔȰ Ȳȫ ȼȭȰ 
ȰȶȰȷȰȸȽȰ, ȯȹȵ ȺȻȰȽɀȹȯȸȫ ȳȼȽȻȫȱȳȭȫɔȫ [86] ȾȮȶȫȭȸȹȷ ȺȻȰȯȭȳɌȫɒȾ ȸȰȼȽȫȬȳȶȸȾ ȫȯȼȹȻȺɁȳɒȾ. 
ȖȳȽȰȻȫȽȾȻȫ ȹ ȺȹȼȰȬȸȳȷ ȼȶȾɂȫɒȰȭȳȷȫ ȫȽȹȷȼȵȰ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ȮȻȫȿȰȸȾ ɒȰ ȹȬȳȷȸȫ, Ƚȫȵȹ ȯȫ ȼȰ Ⱦ ȹȭȹȷ 
ȻȫȯȾ ȸȰɕȰȷȹ ȳȼȺȳȽȳȭȫȽȳ ȯȰȽȫɓȸȹ ȸȫ ȼȭȫȵȳ ȹȯ ɔȳɀ, ȭȰɕ ɕȰ ȿȹȵȾȼ ȬȳȽȳ ȸȫ ȹȺɃȽȳȷ ȽȻȰȸȯȹȭȳȷȫ 
ȫȯȼȹȻȺɁȳɒȰ. ȍȫȱȸȹ ɒȰ ȸȫȺȹȷȰȸȾȽȳ ȯȫ ȼȾ ȷȳȸȳȷȾȷȳ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ, ȺȻȹȸȫɌȰȸȳ Ȳȫ ȰȶȰȷȰȸȽȰ 
ȼȫ ȺȹȶȾ-ȺȹȺȾɔȰȸȳȷ ȳ ȺȹȽȺȾȸȹ ȺȹȺȾɔȰȸȳȷ d-ȹȻȬȳȽȫȶȫȷȫ ȹȯ ȼȽȻȫȸȰ ȍȫȶȰȸȼȳɒȰ ȳ ȼȫȻȫȯȸȳȵȫ [85], Ⱦ 
ȼȾȺȻȹȽȸȹȼȽȳ ȼȫ Ȼȫȸȳɒȳȷ ȻȰȲȾȶȽȫȽȳȷȫ ȵȹɒȰ ȼȾ ȺȻȳɒȫȭȳȶȳ Șȫȵȫȯȫ ȳ ȓɃȳ [82,83]. ȗȳȸȳȷȫȶȸȫ ɒȫɂȳȸȫ 
ȳȸȽȰȻȫȵɁȳɒȰ Ȳȫ Cr, Mn ȳ Cu, ȵȹɒȫ ȼȰ ȵȶȫȼȳȿȳȵȾɒȰ ȵȫȹ ȿȳȲȳȼȹȻȺɁȳɒȫ, ȺȻȳȺȳȼȾɒȰ ȼȰ ȲȫȾȲȰɕȾ 4s ȼȽȫɔȫ 
ȳ ȭȳȼȹȵȹɒ ȹȯȬȹɒȸȹȼȽȳ ȷȰȽȫȶȫ ȳ Ǯ ȼȳȼȽȰȷȫ ȺȹȭȻɃȳȸȰ [85]. țȰȲȾȶȽȫȽȳ ȯȹȬȳɒȰȸȳ Ⱦ ȹȭȹȷ ȻȫȯȾ Ȳȫ ɂȳȽȫȭ 
d-Ȭȶȹȵ ȚȜȐ ȾȵȫȲȾɒȾ ȯȫ ȼȰ Ƚȫȵȫȭ ȲȫȵɓȾɂȫȵ ȷȹȱȰ ȮȰȸȰȻȫȶȳȲȹȭȫȽȳ ȸȫ ȼȭȰ d-ȷȰȽȫȶȰ. ȚȹȻȰȯ ȽȹȮȫ, 
ȾȼȭȫɒȫɔȰȷ ȳȼȽȳɀ ȳȯȰɒȫ, ȼȶȫȬȫ ȿȳȲȳȼȹȻȺɁȳɒȫ Zn, Cd ȳ Hg ȷȹȱȰ ȼȰ ȹȬɒȫȼȸȳȽȳ ȸȫ ȹȼȸȹȭȾ ɒȫȵȰ 
ȚȫȾȶȳɒȰȭȰ ȹȯȬȹɒȸȹȼȽȳ ȳȲȷȰɌȾ ȺȹȺȾɔȰȸȳɀ nsį ȹȻȬȳȽȫȶȫ ȳ Ǯ ȰȶȰȵȽȻȹȸȼȵȹȮ ȼȳȼȽȰȷȫ ȮȻȫȿȰȸȫ. 
șȭȫȵȫȭ ȺȻȳȼȽȾȺ ȷȹȱȰ ȼȰ ȯȫɓȰ ȺȻȹɃȳȻȳȽȳ ȸȫ ȰȶȰȷȰȸȽȰ ȼȫ nsįnpİ ȵȹȸȿȳȮȾȻȫɁȳɒȫȷȫ, ȺȹȺȾȽ ȫȲȹȽȫ, 
Ȳȫ ȵȹɒȰ ɒȰ ȺȹȲȸȫȽȹ ȯȫ ȼȾ ȺȹȼȰȬȸȹ ȼȽȫȬȳȶȸȳ. șɂȰȵȾɒȰȷȹ ȯȫ ȰȸȰȻȮȳɒȫ ȯȹȬȳɒȰȸȫ ȺȻȳ ȫȯȼȹȻȺɁȳɒȳ ȸȫ 
ȮȻȫȿȰȸȾ ȸȰ ȷȹȱȰ ȵȹȷȺȰȸȲȹȭȫȽȳ ȰȸȰȻȮȳɒȾ ȺȹȽȻȰȬȸȾ Ȳȫ ȺȻȰȾȻȰɌȳȭȫɔȰ ȰȸȰȻȮȰȽȼȵȳɀ ȸȳȭȹȫ 
ȺȹȽȻȰȬȸȳɀ Ȳȫ ȯȹȬȳɒȫɔȰ ȫȽȹȷȫ ȼȺȻȰȷȸȹȮ Ȳȫ ȭȰȲȳȭȫɔȰ. ȜȽȹȮȫ, ȹȭȳ ȫȽȹȷȳ ȹȼȽȫɒȾ ȼȶȫȬȹ 
ȿȳȲȳȼȹȻȬȹȭȫȸȳ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ. Ȓȫ ȹȭȰ ȰȶȰȷȰȸȽȰ ɒȰ ȸȰȹȺɀȹȯȸȹ ȰȵȼȺȶȳɁȳȽȸȹ ȾȵɓȾɂȳȭȫɔȰ 
ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ ȺȻȳ ȷȹȯȰȶȳȻȫɔȾ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ, ȺȹɃȽȹ ȹȭȰ 
ȳȸȽȰȻȫȵɁȳɒȰ ȷȹȮȾ ȺȻȰȭȫȲȳɕȳ PBE ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ Ȳȫ ȿȫȵȽȹȻ ȳ ȯȹ 100 (ȝȫȬȰȶȫ 4). 

3.3.2. ȗȫȮȸȰȽȸȫ ȼȭȹɒȼȽȭȫ ȗ@PG ȼȳȼȽȰȷȫ 

ȗȫȮȸȰȽȸȳ ȷȹȷȰȸȽȳ ȼȳȼȽȰȷȫ A@G ȼȾ ȼȾȷȳȻȫȸȳ Ⱦ ȝȫȬȰȶȳ 5. Ȓȫ ȸȫɒȭȰɕȳ ȬȻȹɒ ȼȳȼȽȰȷȫ ɃȰȷȰ 
PBE ȳ PBE+D2(3) ȯȫɒȾ ȼȶȳɂȸȾ ȷȫȮȸȰȽȳȲȫɁȳɒȾ, ȯȹȵ ȼȰ ȻȰȲȾȶȽȫȽȳ ȯȹȬȳɒȰȸȳ ȺȹȷȹɕȾ vdW-DF2 
ȻȫȲȶȳȵȾɒȾ Ⱦ ȸȰȵȳȷ ȼȶȾɂȫɒȰȭȳȷȫ. ȍȰȶȳȵȰ ȻȫȲȶȳȵȰ Ⱦ ȷȫȮȸȰȽȸȳȷ ȷȹȷȰȸȽȳȷȫ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ 
ȺȻȰȯȭȳɌȰȸȳɀ ȻȫȲȶȳɂȳȽȳȷ ȻȫɂȾȸȫȻȼȵȳȷ ɃȰȷȫȷȫ  (ȵȫȹ ɃȽȹ ɒȰ ȼȶȾɂȫɒ Ȳȫ Mo, Tc, W, Re ȳȶȳ Os) 
ȺȻȹȳȲȳȶȫȲȰ ȳȲ ȻȫȲȶȳɂȳȽȳɀ ȺȻȰȿȰȻȰȸɁȳɒȫȶȸȳɀ ȷȰȼȽȫ ȫȯȼȹȻȺɁȳɒȰ ȵȹɒȫ ȼȾ ȾȽȭȻɌȰȸȫ ȯȫȽȳȷ ɃȰȷȫȷȫ. 
ȝȫȵȹɌȰ, ȹȭȹ ȼȾ ȰȶȰȷȰȸȽȳ ȵȹɒȳ ȼȶȫȬȹ ȳȸȽȰȻȫȮȾɒȾ ȼȫ ɂȳȼȽȳȷ ȮȻȫȿȰȸȹȷ ȳ Ȳȫ ȵȹɒȰ ȾȵɓȾɂȳȭȫɔȰ 
ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ Ȳȸȫɂȫɒȸȹ ȾȽȳɂȰ ȸȫ ȹȺȳȼ ȼȳȼȽȰȷȫ (ȸȫȻȹɂȳȽȹ Ȳȫ Mo ȳ Re). ȜȽȹȮȫ 
ȺȻȰȯȶȫȱȰȷȹ ȯȫ ɒȰ ȰȵȼȺȶȳɁȳȽȸȹ ȽȻȰȽȳȻȫɔȰ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ ȽȫȵȹɌȰ ȭȫȱȸȹ Ȳȫ 
ȺȻȰȯȭȳɌȫɔȰ ȷȫȮȸȰȽȸȳɀ ȼȭȹɒȼȽȫȭȫ, ȫ ȸȰ ȼȫȷȹ Ȳȫ ȺȻȰɁȳȲȸȹ ȹȺȳȼȳȭȫɔȰ ȰȸȰȻȮȰȽȳȵȰ ȫȯȼȹȻȺɁȳɒȰ. 

țȰȲȾȶȽȫȽȳ ȼȾ Ⱦ ȯȹȬȻȹɒ ȼȫȮȶȫȼȸȹȼȽȳ ȼȫ ȺȻȰȽɀȹȯȸȳȷ Ȼȫȯȹȭȳȷȫ [85,86]. ȞȹɂȰȸȰ ȷȫɔȰ ȻȫȲȶȳȵȰ 
ȸȫɒȭȰȻȹȭȫȽȸȳɒȰ ȺȹȽȳɂȾ ȹȯ ȻȫȲȶȳɂȳȽȳɀ ȭȰȶȳɂȳȸȫ ȵȹȻȳɃɕȰȸȳɀ ȼȳȷȾȶȫɁȳȹȸȳɀ ɕȰȶȳɒȫ. ȝȫȵȹɌȰ ɒȰ 
ȺȻȳȷȰɕȰȸȹ ȯȫ ȰȶȰȷȰȸȽȳ ȼȫ nsįnpİ ȵȹȸȿȳȮȾȻȫɁȳɒȹȷ ȲȫȯȻȱȫȭȫɒȾ ȷȫȮȸȰȽȸȰ ȷȹȷȰȸȽȰ ȳȲȹȶȹȭȫȸȳɀ 
ȫȽȹȷȫ, ȹȼȳȷ ȵȹȯ ȫȲȹȽȫ, ȮȯȰ ɒȰ ȺȻȳȷȰɕȰȸȫ ɒȫɂȫ ȳȸȽȰȻȫȵɁȳɒȫ ȼȫ ɂȳȼȽȳȷ ȮȻȫȿȰȸȹȷ. șȭȫȵȭȹ ȺȹȸȫɃȫɔȰ 
ȼȰ ȷȹȱȰ ȹȬɒȫȼȸȳȽȳ ȼȶȫȬȳȷ ȳȸȽȰȻȫȵɁȳɒȫȷȫ ȹȭȳɀ ȫȽȹȷȫ ȼȫ ɂȳȼȽȳȷ ȮȻȫȿȰȸȹȷ ȳ ȹȯȼȾȼȽȭȹȷ ɀȰȷȳɒȼȵȳɀ 
ȭȰȲȫ ȳȲȷȰɌȾ ɔȳɀ. 
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ȝȫȬȰȶȫ 5. ȗȫȮȸȰȽȳȲȫɁȳɒȰ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ ȼȳȼȽȰȷȫ A@PG (Ⱦ ɒȰȯȳȸȳɁȫȷȫ ǪB). ȚȹȯȫɁȳ 
ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 
H      ȰȶȰȷȰȸȽ           He 
0.01     PBE           0.00 
0.01     PBE+D2           0.00 
0.01     PBE+D3           0.00 
0.00     vdW-DF2           0.00 

Li  Be           B C N O F Ne 
0.00 na           0.00 0.44 0.78 0.00 0.00 na 
0.00 1.02           0.00 0.44 0.78 0.00 0.00 0.00 
0.00 1.02           0.00 0.44 0.78 0.00 0.00 0.00 
0.00 0.00           0.00 0.38 1.80 0.00 0.00 0.00 

Na Mg           Al Si P S Cl Ar 
0.25 0.00           0.00 1.42 3.00 0.00 0.53 na 
0.23 0.00           0.00 1.43 3.00 0.00 0.53 0.00 
0.25 0.00           0.00 1.43 3.00 0.00 0.53 0.00 
0.36 0.00           0.00 1.85 2.98 1.77 0.50 0.00 

K Ca Sc Ti  V Cr Mn Fe Co Ni  Cu Zn Ga Ge As Se Br Kr 
0.08 1.02 2.22 3.31 4.38 5.66 5.44 2.04 1.05 0.00 0.81 0.00 0.00 1.67 3.00 1.85 0.59 0.00 
0.09 1.02 2.21 3.30 4.37 5.66 5.44 2.04 1.05 0.00 0.82 0.00 0.00 1.66 3.00 0.00 0.59 0.00 
0.09 1.02 2.22 3.31 4.38 5.67 5.46 2.08 1.05 0.00 0.84 0.00 0.00 1.70 3.00 1.85 0.59 0.00 
0.00 0.54 1.82 3.41 4.51 5.80 5.00 3.98 1.48 0.00 0.77 0.00 0.00 1.81 2.97 1.80 0.55 0.00 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I  Xe 
0.10 1.02 2.04 3.20 2.01 0.00 0.23 1.78 0.71 0.00 0.99 0.00 0.00 1.74 3.00 1.89 0.68 na 
0.09 1.01 2.02 3.17 1.90 0.00 0.08 1.76 0.71 0.00 0.96 0.00 0.00 1.70 3.00 1.91 0.67 0.00 
0.10 1.02 2.04 3.20 2.03 5.59 0.20 1.79 0.72 0.00 0.98 0.00 0.00 1.74 3.00 1.90 0.66 0.00 
0.00 0.00 0.00 3.26 3.43 5.85 5.13 1.89 0.84 0.00 0.00 0.00 0.00 1.78 2.98 1.84 0.62 0.00 

Cs Ba La Hf  Ta W Re Os Ir  Pt Au Hg Tl  Pb Bi Po At Rn 
0.04 0.84 1.87 3.09 3.49 2.16 0.81 1.93 0.92 0.00 0.87 0.00 0.00 1.75 3.00 1.92 0.73 na 
0.00 0.80 1.78 3.06 3.44 2.22 0.79 1.93 0.92 0.00 0.88 0.00 0.00 1.73 3.00 1.95 0.72 0.00 
0.02 0.87 1.88 3.09 3.50 2.25 5.02 1.97 0.92 0.00 0.87 0.00 0.00 1.75 3.00 1.94 0.72 0.00 
0.00 0.00 0.71 0.95 2.99 4.51 5.00 3.87 1.01 0.00 0.00 0.00 0.00 1.75 2.99 1.87 0.66 0.00 

 

3.3.3. ȓȼȺȳȽȳȭȫɔȰ ȾȽȳɁȫɒȫ ȻȫȲȶȳɂȳȽȳɀ ȵȹȷȺɒȾȽȫɁȳȹȸȳɀ ȺȹȼȽȫȭȵȳ 

ȚȹȻȰȯ ȯȳȼȵȾȼȳɒȰ ȹ ȺȻȳȷȰɕȰȸȳȷ ȫȯȼȹȻȺɁȳȹȸȳȷ ȽȻȰȸȯȹȭȳȷȫ ȯȾȱ ȮȻȾȺȫ ȳ ȺȰȻȳȹȯȫ ȚȜȐ, 
ȻȫȲȷȹȽȻȰȸȳ ȼȾ ȳ ȵȹȷȺɒȾȽȫɁȳȹȸȳ ȫȼȺȰȵȽȳ ȷȹȯȰȶȹȭȫɔȫ ȫȽȹȷȼȵȰ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ȮȻȫȿȰȸȾ. Ȓȫ ȼȰȽ ȹȯ 7 
ȰȶȰȷȰȸȫȽȫ ȾȲȰȽȳɀ ȳȲ ȻȫȲȶȳɂȳȽȳɀ ȯȰȶȹȭȫ ȚȜȐ (ȝȫȬȰȶȫ 6), ȫȸȫȶȳȲȳȻȫȸ ɒȰ ȾȽȳɁȫɒ ȬȻȹɒȫ ȰȶȰȵȽȻȹȸȫ 
ȾȵɓȾɂȰȸȳɀ Ⱦ ȭȫȶȰȸȽȸȾ ɓȾȼȵȾ ȸȫ ȻȰȲȾȶȽȾɒȾɕȾ ȰȸȰȻȮȳɒȾ ȫȯȼȹȻȺɁȳɒȰ. Ȟ ȼȭȳȷ ȼȶȾɂȫɒȰȭȳȷȫ ȼȾ ȳȼȽȫ 
ȷȰȼȽȫ ȫȯȼȹȻȺɁȳɒȰ ȳȯȰȸȽȳȿȳȵȹȭȫȸȫ ȵȫȹ ȺȻȰȿȰȻȰȸɁȳɒȫȶȸȫ, ȫ ȳȲȻȫɂȾȸȫȽȰ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȼȾ ȼȰ 
ȯȹȬȻȹ ȼȶȫȮȫȶȰ. țȰȶȫȽȳȭȸȹ ȭȰȶȳȵȫ ȻȫȲȶȳȵȫ (0.13 eV) ȾȹɂȰȸȫ ɒȰ ȼȫȷȹ Ȳȫ ȮȭȹȱɌȰ (Fe) ȼȫ ăsemicoreò 3p  
ȼȽȫɔȳȷȫ Ⱦ ȼȶȾɂȫɒȾ vdW-DF2 ɃȰȷȰ.  

ȝȫȬȰȶȫ 6. ȋȯȼȹȻȺɁȳȹȸȰ ȰȸȰȻȮȳɒȰ ȹȯȫȬȻȫȸȳɀ ȫȽȹȷȫ ȳȲȻȫɂȾȸȫȽȰ PAW ȺȻȳȼȽȾȺȹȷ ȼȫ ȻȫȲȶȳɂȳȽȳȷ 
ȵȹȸȿȳȮȾȻȫɁȳɒȫȷȫ ȰȶȰȵȽȻȹȸȫ. ȚȹȯȫɁȳ ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [104], © Elsevier (2018). 

ȰȶȰȷȰȸȽ 
ȬȻȹɒ ȭȫȶȰȸȽȸȳɀ 
ȰȶȰȵȽȻȹȸȫ 

PBE PBE+D2 PBE+D3 vdW-DF2 

ȫȯȼ. 
ȷȰȼȽȹ 

Eads / eV 
ȫȯȼ. 
ȷȰȼȽȹ 

Eads / eV 
ȫȯȼ. 
ȷȰȼȽȹ 

Eads / eV 
ȫȯȼ. 
ȷȰȼȽȹ 

Eads / eV 

Al 
3 h Ĭ0.91 h Ĭ1.12 h Ĭ1.02 b Ĭ0.61 

11 h Ĭ0.88 h Ĭ1.09 h Ĭ0.99 b Ĭ0.60 

Si 
4 b Ĭ0.45 b Ĭ0.65 b Ĭ0.57 t Ĭ0.35 

12 b Ĭ0.44 b Ĭ0.64 b Ĭ0.55 t Ĭ0.30 

Fe 
8 h Ĭ0.70 h Ĭ0.98 h Ĭ0.82 t Ĭ0.30 

14 h Ĭ0.75 h Ĭ1.03 h Ĭ0.87 t Ĭ0.17 

Ni 
10 h Ĭ1.40 h Ĭ1.67 h Ĭ1.50 b Ĭ0.73 

18 h Ĭ1.42 h Ĭ1.68 h Ĭ1.51 b Ĭ0.65 

Cu 
11 b Ĭ0.27 t Ĭ0.55 t Ĭ0.44 t Ĭ0.22 

17 b Ĭ0.28 t Ĭ0.55 t Ĭ0.44 t Ĭ0.20 

Zn 
12 t Ĭ0.02 h Ĭ0.17 h Ĭ0.21 h Ĭ0.15 

20 t Ĭ0.02 h Ĭ0.18 h Ĭ0.21 h Ĭ0.15 

Zr 
4 h Ĭ2.05 h Ĭ2.39 h Ĭ2.18 h Ĭ1.17 

12 h Ĭ2.02 h Ĭ2.36 h Ĭ2.15 h Ĭ1.14 
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ȞȺȹȻȰɌȰȸȳ ȼȾ ȳ ȻȰȲȾȶȽȫȽȳ ȯȹȬȳɒȰȸȳ ȵȹȻȳɃɕȰɔȰȷ VASP-ȫ ȼȫ ȻȰȲȾȶȽȫȽȳȷȫ ȯȹȬȳɒȰȸȳȷ 
ȵȹȻȳɃɕȰɔȰȷ Quantum ESPRESSO (ȝȫȬȰȶȫ 7) ȼȫ ȾȶȽȻȫȷȰȵȳȷ ȺȼȰȾȯȹȺȹȽȰȸɁȳɒȫȶȳȷȫ (PBE ȳ 
PBE+D2 ȺȻȹȻȫɂȾȸȳ), ȵȫȹ ȳ ȸȰȵȳ ȹȯ ȻȰȲȾȶȽȫȽȫ ȵȹɒȳ ȼȾ ȻȫȸȳɒȰ ȺȻȳɒȫȭɓȰȸȳ [7,112]. 

 

ȝȫȬȰȶȫ 7. ȚȹȻȰɌȰɔȰ PBE ȺȻȹȻȫɂȾȸȫ ȫȽȹȷȼȵȰ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ ȯȹȬȳɒȰȸȳɀ 
ȺȹȷȹɕȾ ȺȫȵȰȽȫ Quantum ESPRESSO (ȼȫ ȾȶȽȻȫȷȰȵȳȷ ȺȼȰȾȯȹȺȹȽȰȸɁȳɒȫȶȳȷȫ) ȳ ȺȫȵȰȽȫ VASP 
(ȼȫ PAW ȺȻȳȼȽȾȺȹȷ). Ȓȫ ȼȭȫȵȳ ȰȶȰȷȰȸȽ, Ⱦ ȺȻȭȹȷ ȻȰȯȾ ȼȾ ȯȫȽȳ PBE ȻȰȲȾȶȽȫȽȳ, ȯȹȵ ȼȾ Ⱦ 
ȯȻȾȮȹȷ PBE+D2 ȻȰȲȾȶȽȫȽȳ. ȚȹȯȫɁȳ ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [104], © Elsevier (2018).  
 Quantum ESPRESSO VASP 

ȰȶȰȷȰȸȽ 
ȬȻȹɒ 

ȭȫȶȰȸȽȸȳɀ 
ȰȶȰȵȽȻȹȸȫ 

ȫȯȼ. ȷȰȼȽȹ Eads / eV 
ȬȻȹɒ 

ȭȫȶȰȸȽȸȳɀ 
ȰȶȰȵȽȻȹȸȫ 

ȫȯȼ. ȷȰȼȽȹ Eads / eV 

H a 1 
t Ĭ0.89 

1 
t Ĭ0.84 

/  /  t Ĭ0.91 

Nab 1 
h Ĭ0.45 

7 
h Ĭ0.55 

h Ĭ0.81 h Ĭ0.93 

Oc 6 
b Ĭ1.83 

6 
b Ĭ2.06 

b Ĭ1.93 b Ĭ2.16 

Cla 7 
t Ĭ0.98 

7 
b Ĭ0.79 

/  /  b Ĭ0.92 

Fe 

16 
h Ĭ0.63 

8 
h Ĭ0.70 h Ĭ0.89 

8 
h Ĭ0.68 h Ĭ0.98 

h Ĭ0.96 

Ni  10 
h Ĭ1.44 

10 
h Ĭ1.40 

h Ĭ1.71 h Ĭ1.67 

Cu 11 
t Ĭ0.26 

11 
b Ĭ0.27 

t Ĭ0.53 t Ĭ0.55 

Ru 8 
h Ĭ1.59 

14 
h Ĭ1.60 

h Ĭ1.96 h Ĭ1.97 

Rh 9 
h Ĭ1.43 

15 
h Ĭ1.76 

h Ĭ1.80 h Ĭ2.13 

Pd 10 
b Ĭ1.08 

10 
b Ĭ1.11 

b Ĭ1.45 b Ĭ1.47 

Ag 11 
h Ĭ0.03 

11 
b Ĭ0.03 

h Ĭ0.33 h Ĭ0.32 

Ir  9 
b Ĭ1.14 

9 
b Ĭ1.33 

b Ĭ1.70 b Ĭ1.90 

Pt 10 
b Ĭ1.45 

10 
b Ĭ1.46 

b Ĭ2.01 b Ĭ2.02 

Au 11 
t Ĭ0.14 

11 
t Ĭ0.13 

t Ĭ0.70 t Ĭ0.69 
aȻȰȿ. [7]; bȻȰȿ. [112] ȼȾȺȰȻɕȰȶȳɒȫ ȹȯ 54 ȫȽȹȷȫ. 

 

3.4. ȒȫȵɓȾɂȫȵ 

ȚȻȰȯȼȽȫȭɓȰȸȫ ɒȰ ȵȹȷȺȶȰȽȸȫ ȬȫȲȫ ȺȹȯȫȽȫȵȫ Ȳȫ ȫȯȼȹȻȺɁȳɒȾ ȫȽȹȷȼȵȳɀ ȭȻȼȽȫ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ. 
ȐȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȳȲȻȫɂȾȸȫȽȰ ȼȾ ȵȹȻȳɃɕȰɔȰȷ PBE, PBE+D2, PBE+D3, ȵȫȹ ȳ ȸȰȶȹȵȫȶȸȹȮ 
vdW-DF2 ȿȾȸȵɁȳȹȸȫȶȫ Ȳȫ ȼȭȰ ȰȶȰȷȰȸȽȰ ȺȻȭȳɀ 6 ȺȰȻȳȹȯȫ ȚȜȐ (ȳȲȾȲȳȷȫɒȾɕȳ ȶȫȸȽȫȸȳȯȰ). 
ȒȰȷȸȹȫȶȵȫȶȸȳ ȰȶȰȷȰȸȽȳ ȷȫȶȰ ȫȽȹȷȼȵȰ ȷȫȼȰ, s-ȷȰȽȫȶȳ Ⱦ ȮȻȾȺȫȷȫ 11 ȳ 12 ȚȜȐ, p-ȰȶȰȷȰȸȽȳ ȭȳȼȹȵȰ 
ȫȽȹȷȼȵȰ ȷȫȼȰ ȳ ȺȶȰȷȰȸȳȽȳ Ȯȫȼȹȭȳ ȼȶȫȬȹ ȳȸȽȰȻȫȮȾɒȾ ȼȫ ɂȳȼȽȳȷ ȮȻȫȿȰȸȹȷ, ȯȹȵ ȼȰ ȹɂȰȵȾɒȰ ȯȫ ɕȰ 
ɔȳɀȹȭȫ ȺȹȵȻȰȽɓȳȭȹȼȽ ȺȻȰȵȹ ȬȫȲȫȶȸȰ ȺȹȭȻɃȳȸȰ ȮȻȫȿȰȸȫ ȬȳȽȳ ȭȰȹȷȫ ȭȰȶȳȵȫ. ȒȫȵɓȾɂȾɒȰȷȹ ȯȫ ɒȰ Ȳȫ 
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ȹȭȰ ȰȶȰȷȰȸȽȰ ȾȵɓȾɂȳȭȫɔȰ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ ȸȰȹȺɀȹȯȸȹ Ȳȫ ȫȸȫȶȳȲȾ ȫȯȼȹȻȺɁȳɒȰ ȸȫ 
ȮȻȫȿȰȸȾ. ȞȲȳȷȫɔȰ Ⱦ ȹȬȲȳȻ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ ȳȷȫ Ȳȫ ȻȰȲȾȶȽȫȽ ȰȮȲȹȽȰȻȷȸȾ ȳȸȽȰȻȫȵɁȳɒȾ 
ȵȹȯ ȼȭȳɀ ȳȼȺȳȽȫȸȳɀ ȰȶȰȷȰȸȫȽȫ. ȞȼȽȫȸȹȭɓȰȸȹ ɒȰ ȯȫ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȺȶȰȷȰȸȳȽȳɀ Ȯȫȼȹȭȫ 
ȵȹȻȰȶȳȻȫɒȾ ȼȫ ɔȳɀȹȭȳȷ ȫȽȹȷȼȵȳȷ ȺȹȶȫȻȳȲȫȬȳȶȸȹȼȽȳȷȫ. Ȅȫɂȳȸȫ ȳȸȽȰȻȫȵɁȳɒȰ ȯȾȱ ȺȰȻȳȹȯȫ ȚȜȐ 
Ȳȫȭȳȼȳ ȹȯ ȰȶȰȵȽȻȹȸȼȵȰ ȵȹȸȿȳȮȾȻȫɁȳɒȰ: ȳȷȫ ȷȳȸȳȷȾȷȰ Ȳȫ ȫȽȹȷȰ ȼȫ ȺȹȺȾɔȰȸȳȷ ɓȾȼȵȫȷȫ (nsį, 
nsį(nĬ1)d10 ȳ np6 ȵȹȸȿȳȮȾȻȫɁȳɒȰ) ȳ Ȳȫ ȫȽȹȷȰ ȼȫ ȺȹȶȾ-ȺȹȺȾɔȰȸȳȷ ɓȾȼȵȫȷȫ ((nĬ1)d5 ȳ np³ 
ȵȹȸȿȳȮȾȻȫɁȳɒȰ). șȭȹ ȺȻȫȭȳȶȹ ȺȻȳȷȰɕȰȸȹ ɒȰ Ȳȫ ɁȰȹ ȚȰȻȳȹȯȸȳ ȼȳȼȽȰȷ. 
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4. țȰȲȾȶȽȫȽȳ ȫȸȫȶȳȲȰ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȫ ȸȫ ȭȫȵȫȸɁȳɒȳ 

4.1. Ȟȭȹȯȸȹ ȻȫȲȷȫȽȻȫɔȰ 

ȓȼȺȳȽȳȭȫɔȰ ȻȰȫȵȽȳȭȸȹȼȽȳ ȭȫȵȫȸɁȳɒȰ Ⱦ ȮȻȫȿȰȸȾ ȳȷȫ ȵɓȾɂȸȳ Ȳȸȫɂȫɒ Ȳȫ ȻȫȲȾȷȰȭȫɔȰ ȳ 

ȵȹȸȽȻȹȶȾ ɀȰȷȳɒȼȵȳɀ ȼȭȹɒȼȽȫȭȫ ȹȭȹȮ ȯȭȹȯȳȷȰȸȲȳȹȸȹȮ ȷȫȽȰȻȳɒȫȶȫ. ȏȹȵ ɒȰ ȳȯȰȫȶȫȸ, ȬȰȼȺȻȰȵȹȻȸȹ 

ȼȽȻȾȵȽȾȻȳȻȫȸ ȮȻȫȿȰȸ ɀȰȷȳɒȼȵȳ ȳȸȰȻȽȫȸ ȳ ȼȶȫȬȹ ȳȸȽȰȻȫȮȾɒȰ ȼȫ ȭȰɕȳȸȹȷ ȫȽȹȷȼȵȳɀ ȳ ȷȹȶȰȵȾȶȼȵȳɀ 

ȭȻȼȽȫ, ȺȻȳȼȾȼȽȭȹ ȼȽȻȾȵȽȾȻȸȳɀ ȯȰȿȰȵȫȽȫ, ȺȹȺȾȽ ȷȹȸȹȭȫȵȫȸɁȳɒȰ, ȯȻȫȼȽȳɂȸȹ ȷȰɔȫ ɔȰȮȹȭȾ 

ȻȰȫȵȽȳȭȸȹȼȽ. ȍȫȵȫȸɁȳɒȫ ȺȻȰȯȼȽȫȭɓȫ ȷȰȼȽȹ Ⱦ ȻȰɃȰȽȵȳ ȮȯȰ ȸȰȯȹȼȽȫɒȰ ɒȰȯȫȸ ȫȽȹȷ ȾȮɓȰȸȳȵȫ, ɃȽȹ 

ȯȹȭȹȯȳ ȯȹ ȶȹȵȫȶȸȰ ȻȰȹȻȮȫȸȳȲȫɁȳɒȰ ȰȶȰȵȽȻȹȸȼȵȰ ȼȽȻȾȵȽȾȻȰ ȳ ȺȹɒȫȭȰ ȸȰȲȫȾȲȰȽȳɀ ȰȶȰȵȽȻȹȸȼȵȳɀ 

ȼȽȫɔȫ. șȭȫ ȫȵȽȳȭȸȫ ȷȰȼȽȫ ȺȹȼȽȫɒȾ ȽȫɂȵȰ ȭȳȼȹȵȹȮ ɀȰȷȳɒȼȵȹȮ ȫȿȳȸȳȽȰȽȫ, ȹȷȹȮȾɕȫȭȫɒȾɕȳ ȼȽȫȬȳȶȸȾ 

ȫȯȼȹȻȺɁȳɒȾ ȻȫȲȶȳɂȳȽȳɀ ȫȽȹȷȫ ȳ ȷȹȶȰȵȾȶȫ, Ⱥȫ ɂȫȵ ȳ ȾȮȻȫȯɔȾ ȺȹɒȰȯȳȸȫɂȸȳɀ ȫȽȹȷȫ ȷȰȽȫȶȫ Ⱦ 

ȻȰɃȰȽȵȾ. ȝȫȵȭȳ ȯȰȿȰȵȽȳ ȳȮȻȫɒȾ ȺȻȰȼȾȯȸȾ ȾȶȹȮȾ Ⱦ ȼȽȫȬȳȶȳȲȫɁȳɒȳ ɒȰȯȸȹȫȽȹȷȼȵȳɀ ȵȫȽȫȶȳȲȫȽȹȻȫ, ȵȹɒȳ 

ȼȰ ȼȷȫȽȻȫɒȾ ȭȻɀȾȸȼȵȳȷ ȯȹȼȽȳȮȸȾɕȰȷ Ⱦ ȵȫȽȫȶȳȲȳ ȲȫɀȭȫɓȾɒȾɕȳ ȼȭȹɒȹɒ ȷȫȵȼȳȷȫȶȸȹɒ ȫȽȹȷȼȵȹɒ 

ȰȿȳȵȫȼȸȹȼȽȳ. ȚȹȻȰȯ ȽȹȮȫ, ȻȫȲȾȷȰȭȫɔȰ ȳȸȽȰȻȫȵɁȳɒȫ ȸȫ ȭȫȵȫȸɁȳɒȳ ɒȰ ȹȯ ȼȾɃȽȳȸȼȵȰ ȭȫȱȸȹȼȽȳ Ȳȫ 

ȻȫȲȭȹɒ ȸȹȭȳɀ ȿȾȸȵɁȳȹȸȫȶȸȳɀ ȷȫȽȰȻȳɒȫȶȫ, Ȭȳȶȹ Ⱦ ȼȭȻɀȾ ȵȫȽȫȶȳȲȰ, ȼȰȸȲȹȻȫ, ȼȵȶȫȯȳɃȽȰɔȫ ȰȸȰȻȮȳɒȰ 

ȳȶȳ ȲȫɃȽȳȽȰ ȱȳȭȹȽȸȰ ȼȻȰȯȳȸȰ, ȮȯȰ ɒȰ ȺȻȰɁȳȲȸȹ ȾȺȻȫȭɓȫɔȰ ȻȰȫȵȽȳȭȸȹɃɕȾ ȸȫ ȫȽȹȷȼȵȹȷ ȸȳȭȹȾ ȹȯ 

ȺȻȰȼȾȯȸȰ ȭȫȱȸȹȼȽȳ. 

ȞȲȰȭɃȳ Ⱦ ȹȬȲȳȻ ȵȹȷȺȶȰȵȼȸȹȼȽ ȰȶȰȵȽȻȹȸȼȵȰ ȼȽȻȾȵȽȾȻȰ ȮȻȫȿȰȸȫ Ⱦ ȺȻȳȼȾȼȽȭȾ ȼȽȻȾȵȽȾȻȸȳɀ 

ȯȰȿȰȵȫȽȫ, ȵȫȹ ɃȽȹ ɒȰ ȷȹȸȹȭȫȵȫȸɁȳɒȫ, ȳ Ȳȸȫɂȫɒ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ Ȳȫ ȫȯȼȹȻȺɁȳɒȾ ȸȫ 

ȹȭȫȵȭȳȷ ȷȰȼȽȳȷȫ, ȸȳɒȰ ɒȰȯȸȹȼȽȫȭȸȹ ȳȲȭȾɕȳ ȺȹȾȲȯȫȸ ȲȫȵɓȾɂȫȵ ȹ Ƚȫɂȸȹȷ ȯȹȺȻȳȸȹȼȾ ȺȹɒȰȯȳȸȳɀ 

ȿȳȲȳɂȵȳɀ ȳȸȽȰȻȫȵɁȳɒȫ ȬȰȲ ȼȳȼȽȰȷȫȽȼȵȰ ȫȸȫȶȳȲȰ. ȜȽȹȮȫ ȼȾ Ⱦ ȹȭȹȷ ȻȫȯȾ ȺȻȳȵȫȲȫȸȳ ȻȰȲȾȶȽȫȽȳ 

ȯȰȽȫɓȸȰ ȼȽȾȯȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȭȰɕȳȸȰ ȰȶȰȷȰȸȫȽȫ ȚȰȻȳȹȯȸȹȮ ȼȳȼȽȰȷȫ ȸȫ ȮȻȫȿȰȸȾ ȼȫ 

ȷȹȸȹȭȫȵȫȸɁȳɒȹȷ, ɂȳȷȰ ȼȰ ȯȹȬȳɒȫɒȾ ȭȻȰȯȸȳ ȺȹȯȫɁȳ Ȳȫ ȾȺȹȻȰȯȸȾ ȺȻȹɁȰȸȾ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ Ⱦ 

ȹȯȸȹȼȾ ȸȫ ɂȳȼȽȾ ȮȻȫȿȰȸȼȵȾ ȺȹȭȻɃȳȸȾ. ȕȫȵȹ Ȭȳ ȼȰ ȹȬȰȲȬȰȯȳȶȫ ȺȹȾȲȯȫȸȹȼȽ ȻȰȲȾȶȽȫȽȫ, ȼȺȻȹȭȰȯȰȸȰ 

ȼȾ DFT ȵȫȶȵȾȶȫɁȳɒȰ ȭȳȼȹȵȹȮ ȼȽȰȺȰȸȫ ȵȹȸȭȰȻȮȰȸɁȳɒȰ, ȺȻȳ ɂȰȷȾ ȼȾ ȺȻȳȷȰɔȰȸȰ ȻȫȲȶȳɂȳȽȰ 

ȵȹȷȺɒȾȽȰȻȼȵȰ ɃȰȷȰ ð ȹȯ PBE ȿȾȸȵɁȳȹȸȫȶȫ ȯȹ ȷȰȽȹȯȫ ȵȹɒȳ ȾȵɓȾɂȾɒȾ ȯȳȼȺȰȻȲȳȹȸȰ ȵȹȻȰȵɁȳɒȰ ȳ 

ȸȰȶȹȵȫȶȸȰ ȰȿȰȵȽȰ, ȫȸȫȶȹȮȸȹ ȺȻȰȽɀȹȯȸȹ ȳȲȶȹȱȰȸȳȷ ȻȫȲȷȫȽȻȫɔȳȷȫ ȻȰȫȵȽȳȭȸȹȼȽȳ ȳȯȰȫȶȸȹȮ 

ȮȻȫȿȰȸȫ. șȭȰ ȵȫȶȵȾȶȫɁȳɒȰ ȹȬȾɀȭȫȽȳȶȰ ȼȾ ȼȭȰ ȰȶȰȷȰȸȽȰ ȹȯ 1. ȯȹ 6. ȺȰȻȳȹȯȰ, ȳȲȾȲȰȭ ȶȫȸȽȫȸȳȯȫ, ȳ 

ȹȷȹȮȾɕȳȶȰ ȯȰȽȫɓȸȾ ȫȸȫȶȳȲȾ ȫȯȼȹȻȺɁȳȹȸȳɀ ȽȻȰȸȯȹȭȫ ȸȫ ȻȰȫȵȽȳȭȸȳȷ ȷȰȼȽȳȷȫ ȯȰȿȰȵȽȸȹȮ ȮȻȫȿȰȸȫ. 

 

4.2. țȫɂȾȸȼȵȳ ȯȰȽȫɓȳ 

ȕȫȹ ȳ Ⱦ ȼȶȾɂȫɒȾ ɂȳȼȽȹȮ ȮȻȫȿȰȸȫ ȳȲ ȺȻȰȽɀȹȯȸȹȮ ȺȹȮȶȫȭɓȫ, ȮȻȫȿȰȸȼȵȫ Ȼȫȭȫȸ ɒȰ ȷȹȯȰȶȳȻȫȸȫ 
ȵȹȻȳɃɕȰɔȰȷ ɕȰȶȳɒȰ 4ĭ4 (32 ȫȽȹȷȫ). ȚȹȸȹȭɓȰȸȰ ȮȻȫȿȰȸȼȵȰ Ȼȫȭȸȳ ȹȯȭȹɒȰȸȰ ȼȾ ȭȫȵȾȾȷȹȷ ȹȯ 20 ¡. 
ȐȿȰȵȽȳ ȭȰȶȳɂȳȸȰ ɕȰȶȳɒȰ ȼȾ ȽȰȼȽȳȻȫȸȳ ȳ ȾȽȭȻɌȰȸȹ ɒȰ ȯȫ ɒȰ ɕȰȶȳɒȫ 4ĭ4 ȯȹȭȹɓȸȹ ȭȰȶȳȵȫ ȯȫ ȹȬȰȲȬȰȯȳ 
ȫȯȰȵȭȫȽȸȰ ȻȰȲȾȶȽȫȽȰ Ȳȫ ȫȯȼȹȻȺɁȳɒȾ ȫȽȹȷȫ ȸȫ ȭȫȵȫȸɁȳɒȳ. șȭȹ ȼȰ ȼȶȫȱȰ ȼȫ ȻȰȲȾȶȽȫȽȳȷȫ ȵȹɒȰ ȼȾ 
ȺȻȰȲȰȸȽȹȭȫȶȳ ȜȫȸȽȹȼ ȳ ȼȫȻȫȯȸȳɁȳ [113]. 

Ȟ ȹȭȹȷ ȻȫȯȾ ɒȰ ȽȫȵȹɌȰ ȳȼȺȳȽȳȭȫȸ Ȳȸȫɂȫɒ ȶȹȵȫȶȸȳɀ ȵȾȶȹȸȼȵȳɀ ȳȸȽȰȻȫȵɁȳɒȫ Ȳȫ ȹȺȳȼ 
ȫȯȼȹȻȺɁȳɒȰ 3d ȷȰȽȫȶȫ ȵȹȻȳȼȽȰɕȳ GGA+U ȺȻȳȼȽȾȺ [114]. ȚȹȵȫȲȫȸȹ ɒȰ ȯȫ ɒȰ ȼȫȷȹ Ⱦ ȼȶȾɂȫɒȾ ȮȭȹȱɌȫ 
(Fe) ȯȹȯȫȭȫɔȰ ȺȫȻȫȷȰȽȻȫ U ȾȽȳɁȫȶȹ ȸȫ ȷȫȮȸȰȽȸȳ ȷȹȷȰȸȽ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ. ȚȹɃȽȹ ȼȷȹ Ⱦ ȹȭȹȷ ȻȫȯȾ 
ȲȫȳȸȽȰȻȰȼȹȭȫȸȳ Ȳȫ ȾȵȾȺȸȰ ȽȻȰȸȯȹȭȰ, ȫ ȳȲȬȹȻ ȺȫȻȫȷȰȽȻȫ U ɂȰȼȽȹ ȸȳɒȰ ɒȰȯȸȹȼȽȫȭȫȸ ȳ ȽȻȰȬȫ Ȯȫ 
Ⱥȫȱɓȳȭȹ ȹȬȫȭȳȽȳ Ȳȫ ȼȭȫȵȳ ȺȻȹȾɂȫȭȫȸȳ ȰȶȰȷȰȸȽ, ȺȻȰȯȼȽȫȭɓȫȷȹ ȻȰȲȾȶȽȫȽȰ ȺȻȹȻȫɂȾȸȫ ȳȲȭȻɃȰȸȳɀ 
ȬȰȲ ȺȻȳȷȰȸȰ ȺȫȻȫȷȰȽȻȫ U. DFT ȺȻȹȻȫɂȾȸȳ ȼȾ ȳȲȭȰȯȰȸȳ ȵȹȻȳȼȽȰɕȳ VASP ȼȹȿȽȭȰȻȼȵȳ ȺȫȵȰȽ. 
țȫɂȾȸȳ ȼȾ ȭȻɃȰȸȳ Ⱦ ȹȵȭȳȻȾ ȮȰȸȰȻȫȶȳȲȹȭȫȸȰ ȮȻȫȯȳɒȰȸȽȸȰ ȫȺȻȹȵȼȳȷȫɁȳɒȰ ȾȲ ȵȹȻȳɃɕȰɔȰ PBE 
ȿȾȸȵɁȳȹȸȫȶȫ ȵȹȻȰȶȫɁȳɒȰ ȳ ȳȲȷȰȸȰ, ȵȫȹ ȳ PAW ȷȰȽȹȯ. Ȓȫ ȬȫȲȸȳ ȼȰȽ ȵȹȻȳɃɕȰȸȳ ȼȾ Ȼȫȭȸȳ Ƚȫȶȫȼȳ, 
ȷȫȵȼȳȷȫȶȸȰ ȵȳȸȰȽȳɂȵȰ ȰȸȰȻȮȳɒȰ ȹȯ 600 eV, ȵȫȹ ȳ ȎȫȾȼȹȭȼȵȹ  ɃȳȻȰɔȰ ȹȯ 0.025 eV Ȳȫ ȲȫȾȲȰȽȹȼȽ 
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ȰȶȰȵȽȻȹȸȼȵȳɀ ȸȳȭȹȫ. ȚȻȭȫ ȯȭȹȯȳȷȰȸȲȳȹȸȫȶȸȫ ȌȻȳȶȾȰȸȹȭȫ (Brillouin) Ȳȹȸȫ ȳȸȽȰȮȻȫɓȰȸȫ ɒȰ ȺȹȷȹɕȾ 
10ĭ10ĭ1 ȼȰȽȫ k-Ƚȫɂȫȵȫ ȮȰȸȰȻȳȼȫȸȳɀ ȺȹȷȹɕȾ ȗȹȸȵȹȻȼȽ-Țȫȵ (Monckhorst, Pack) ȼɀȰȷȰ. 

ȓȲȻȫɂȾȸȫȽȰ ȼȾ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ȷȰȼȽȾ ȷȹȸȹȭȫȵȫȸɁȳɒȰ Ⱦ ȮȻȫȿȰȸȾ Ȳȫ ȼȭȰ ȰȶȰȷȰȸȽȰ 
ȚȜȐ ȼȷȰɃȽȰȸȰ Ⱦ ȺȻȭȳɀ 6 ȺȰȻȳȹȯȫ (ȳȲȾȲȳȷȫɒȾɕȳ ȶȫȸȽȫȸȳȯȰ). ȋȯȫȽȹȷ ɒȰ ȺȹȼȽȫȭɓȰȸ ȸȫ ȷȰȼȽȹ 
ȭȫȵȫȸɁȳɒȰ, ȳ Ƚȹȵȹȷ ȹȺȽȳȷȳȲȫɁȳɒȰ ȮȰȹȷȰȽȻȳɒȰ ȯȹȲȭȹɓȰȸȫ ɒȰ ȻȰȶȫȵȼȫɁȳɒȫ ȼȭȳɀ ȫȽȹȷȫ Ⱥȹ ȼȭȰ ȽȻȳ ȹȼȰ. 
țȰȶȫȵȼȫɁȳɒȫ ɒȰ ȭȻɃȰȸȫ ȯȹȵ ȠȰȶȷȫȸ-ȟȫɒȸȷȫȸȹȭȰ ȼȳȶȰ ȸȫ ȼȭȰ ȫȽȹȷȰ ȸȳȼȾ ȬȳȶȰ ȷȫɔȰ ȹȯ 10Ĭ2 ȰV ¡Ĭ1, 
ɃȽȹ ɒȰ ȹȯȮȹȭȫȻȫȶȹ ȵȹȸȭȰȻȮȰȸɁȳɒȳ ȽȹȽȫȶȸȰ ȰȸȰȻȮȳɒȰ ȳȼȺȹȯ 0.01 meV. Ȝȭȳ ȺȻȹȻȫɂȾȸȫȽȳ ȼȾ ȻȫɌȰȸȳ 
ȾȲ ȼȺȳȸȼȵȾ ȺȹȶȫȻȳȲȫɁȳɒȾ. 

ȕȫȹ ȳ ȵȹȯ ɂȳȼȽȹȮ ȮȻȫȿȰȸȫ, Ȳȫ ȳȼȺȳȽȳȭȫɔȰ ȯȹȺȻȳȸȹȼȫ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ 
ȵȹȻȳɃɕȰȸȫ ȼȾ ȽȻȳ ȿȾȸȵɁȳȹȸȫȶȫ ȼȫ ȵȹȻȰȵɁȳɒȫȷȫ Ȳȫ ȯȳȼȺȰȻȲȳȹȸȰ ȳȸȽȰȻȫȵɁȳɒȰ: PBE-D2, PBE-D3 ȳ 
ȸȰȶȹȵȫȶȸȳ vdW-D2. ȝȫɂȸȹȼȽ ȸȰȶȹȵȫȶȸȳɀ ȿȾȸȵɁȳȹȸȫȶȫ ȼȰ ȮȰȸȰȻȫȶȸȹ ȺȹȭȰɕȫȭȫ ȼȫ ȺȹȭȰɕȫɔȰȷ 
ȬȻȹɒȫ ȰȶȰȵȽȻȹȸȫ ȵȹɒȳ ȼȾ ȽȻȰȽȳȻȫȸȳ ȵȫȹ ȭȫȶȰȸȽȸȳ, Ƚȫȵȹ ȯȫ ȼȾ, Ƚȫȷȹ ȮȯȰ ɒȰ Ƚȹ Ȭȳȶȹ ȷȹȮȾɕȰ, 
ȵȹȻȳɃɕȰȸȳ PAW ȺȹȽȰȸɁȳɒȫȶȳ ȼȫ ăsemicoreò ȼȽȫɔȳȷȫ. 

ȐȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȫ ȸȫ ȭȫȵȫȸɁȳɒȾ ȯȹȬȳɒȰȸȰ ȵȹȻȳɃɕȰɔȰȷ ȻȫȲȶȳɂȳȽȳɀ 
ȵȹȷȺɒȾȽȫɁȳȹȸȳɀ ɃȰȷȫ ȼȾ ȳȲȻȫɂȾȸȫȽȰ ȸȫ ȼȶȰȯȰɕȳ ȸȫɂȳȸ: 

Ὁads
PBE ὉPBEA@VG ὉPBEVG ὉPBEὃ (14) 

Ὁads
PBE ὉPBE A@VG ὉPBE VG ὉPBEὃ (15) 

Ὁads
vdW-DF2 ὉvdW-DF2A@VG ὉvdW-DF2VG ὉvdW-DF2ὃ (16) 

 

ȮȯȰ ȼȾ E0 ȰȸȰȻȮȳɒȰ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ ȫȯȫȽȹȷȫ ȸȫ ȭȫȵȫȸɁȳɒȳ [ȋ@VG], ȮȻȫȿȰȸȫ ȼȫ ȷȹȸȹȭȫȵȫȸɁȳɒȹȷ 
[VG] ȳ ȳȲȹȶȹȭȫȸȹȮ ȫȯȫȽȹȷȫ [ȋ], ȳȲȻȫɂȾȸȫȽȰ ȸȫȭȰȯȰȸȹȷ ȷȰȽȹȯȹȷ. ȐȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȳȷȫ 
ȸȰȮȫȽȳȭȸȰ ȭȻȰȯȸȹȼȽȳ Ⱦ ȼȶȾɂȫɒȾ ȯȫ ɒȰ ȺȻȹɁȰȼ ȰȮȲȹȽȰȻȷȫȸ. 

Ȓȫ ȼȭȫȵȾ ȺȻȳȷȰɔȰȸȾ ɃȰȷȾ, ȮȻȫȿȰȸȼȵȫ ȵȻȳȼȽȫȶȸȫ ȻȰɃȰȽȵȫ ɒȰ Ⱦ ȺȹȽȺȾȸȹȼȽȳ ȹȺȽȳȷȳȲȹȭȫȸȫ. 
ȏȹȬȳɒȰȸȰ ȯȾȱȳȸȰ CðC ȭȰȲȫ ȯȫȽȰ ȼȾ Ⱦ ȝȫȬȰȶȳ 8. ȓȼȺȳȽȫȸȫ ɒȰ ȰȸȰȻȮȰȽȳȵȫ ȿȹȻȷȳȻȫɔȫ ȭȫȵȫȸɁȳɒȫ, 
ȵȹȻȳȼȽȰɕȳ ȰȸȰȻȮȳɒȰ ȿȹȻȷȳȻȫɔȫ ȭȫȵȫȸɁȳɒȰ (Evf), ȯȰȿȳȸȳȼȫȸȰ ȵȫȹ: 

Ὁ Ὁ VG
ὲ ρ

ὲ
Ὁ Ὃ (17) 

 

ȮȯȰ E0[G] ȺȻȰȯȼȽȫȭɓȫ ȾȵȾȺȸȾ ȰȸȰȻȮȳɒȾ ɂȳȼȽȰ ȮȻȫȿȰȸȼȵȰ ȺȶȹɂȰ, ȯȹȵ ɒȰ n ȬȻȹɒ ȾȮɓȰȸȳȵȹȭȳɀ ȫȽȹȷȫ Ⱦ 
ȼȳȷȾȶȫɁȳȹȸȹɒ ɕȰȶȳɒȳ (Ⱦ ȸȫɃȰȷ ȼȶȾɂȫɒȾ, n = 32). ȓȲȻȫɂȾȸȫȽȰ ȭȻȰȯȸȹȼȽȳ ȼȾ ȯȫȽȰ Ⱦ ȝȫȬȰȶȳ 8. 
ȚȹȵȫȲȫȸȫ ɒȰ ȯȹȬȻȫ ȼȫȮȶȫȼȸȹȼȽ ȼȫ ȺȻȰȽɀȹȯȸȹ ȺȻȳɒȫȭɓȰȸȳȷ ȭȻȰȯȸȹȼȽȳȷȫ Ⱦ ȶȳȽȰȻȫȽȾȻȳ, ȮȯȰ ȼȰ 
ȰȸȰȻȮȳɒȰ ȿȹȻȷȳȻȫɔȫ ȭȫȵȫȸɁȳɒȫ ȵȻȰɕȾ Ⱦ ȹȺȼȰȮȾ ȹȯ 7.2 ȯȹ 8.58 eV [37,101]. ȞȵȶȫɔȫɔȰ ȾȮɓȰȸȳȵȹȭȹȮ 
ȫȽȹȷȫ ȳȲ ȮȻȫȿȰȸȼȵȰ ȻȰɃȰȽȵȰ ȯȹȭȹȯȳ ȯȹ ȷȫȮȸȰȽȸȹȮ ȺȹȸȫɃȫɔȫ. ȗȫ ȳ ȼȫȻȫȯȸȳɁȳ [115] ȺȻȳɒȫȭȳȶȳ ȼȾ 
ȷȫȮȸȰȽȸȳ ȷȹȷȰȸȽ ȹȯ 1.04 ǪB ȵȹȻȳȼȽȰɕȳ ȼȾȺȰȻɕȰȶȳɒȾ ȹȯ 128 ȫȽȹȷȫ. ȚȻȰȷȫ ȺȻȰȮȶȰȯȾ ȍȫȶȰȸȼȳɒȰ ȳ 
ȕȫȶȯȫȼ [116], ȹȭȹ ɒȰ ȸȫɒȸȳȱȫ ȺȻȳɒȫȭɓȰȸȫ ȭȻȰȯȸȹȼȽ, ȯȹȵ ɒȰ ȸȫɒȭȳɃȫ 2 ǪB. 

ȕȫȹ ɃȽȹ ȼȾ ȺȹȵȫȲȫȶȳ țȹȯȻȳȮȹ ȳ ȼȫȻȫȯȸȳɁȳ [117] Ƚȫɂȸȹ ȽȰȹȻȳɒȼȵȹ ȺȻȰȯȭȳɌȫɔȰ ȷȫȮȸȰȽȸȹȮ 
ȷȹȷȰȸȽȫ VG ȲȫɀȽȰȭȫ ȻȳȮȹȻȹȲȫȸ ȽȻȰȽȷȫȸ ȼȳȼȽȰȷȫ, ɒȰȻ ɒȰ ȭȻȰȯȸȹȼȽ ȷȫȮȸȰȽȸȹȮ ȷȹȷȰȸȽȫ ȭȰȹȷȫ 
ȹȼȰȽɓȳȭȫ ȸȫ ȭȰȶȳɂȳȸȾ ȼȳȷȾȶȫɁȳȹȸȰ ɕȰȶȳɒȰ ȳ ȮȾȼȽȳȸȾ k-Ƚȫɂȫȵȫ. ȍȳȼȹȵȹ-ȵȹȸȭȰȻȮȳȻȫȸȫ (Ⱦ ȹȯȸȹȼȾ ȸȫ 
ȷȻȰȱȾ k-Ƚȫɂȫȵȫ) ȭȻȰȯȸȹȼȽ ȷȫȮȸȰȽȸȹȮ ȷȹȷȰȸȽȫ ȯȹȬȳɒȰȸȫ Ȳȫ ɕȰȶȳɒȾ 6ĭ6 ɒȰ ȹȵȹ 1.6 ǪB ȳ ȺȹȭȰɕȫȭȫ ȼȰ ȼȫ 
Ȭȹɂȸȳȷ ȯȳȷȰȸȲȳɒȫȷȫ ȼȾȺȰȻɕȰȶȳɒȰ. ȕȹȸȵȻȰȽȸȹ, Ȳȫ ɕȰȶȳɒȾ 30ĭ30, ȹȸȫ ɒȰ ȬȶȳȲȾ 1.75 ǪB. ȎȾȼȽȳȸȫ 
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ȷȻȰȱȰ k-Ƚȫɂȫȵȫ ȺȻȳȷȰɔȰȸȫ Ⱦ ȸȫɃȹɒ ȼȽȾȯȳɒȳ ȺȻȾȱȫ ȫȯȰȵȭȫȽȸȾ ȺȻȹɁȰȸȾ ȷȫȮȸȰȽȸȳɀ ȼȭȹɒȼȽȫȭȫ VG, 
ȯȹȵ ȼȾ ȳȲȻȫɂȾȸȫȽȰ ȰȸȰȻȮȳɒȰ, ȵȹɒȰ ȼȾ ȿȹȵȾȼ ȹȭȹȮ Ȼȫȯȫ, ȭȳȼȹȵȹ ȵȹȸȭȰȻȮȳȻȫȸȰ. 

ȓȲȻȫɂȾȸȫȽȰ ȮȾȼȽȳȸȰ ȼȽȫɔȫ VG (Ȝȶȳȵȫ 10) ȺȹȵȫȲȾɒȾ ȯȰȶȳȷȳɂȸȹ ȶȹȵȫȶȳȲȹȭȫȸȫ Ǯ ȼȽȫɔȫ 
ȭȫȵȫȸɁȳɒȰ Ⱦ ȬȶȳȲȳȸȳ ȟȰȻȷȳɒȰȭȹȮ ȸȳȭȹȫ, Ⱦ ȼȵȶȫȯȾ ȼȫ ȺȻȰȽɀȹȯȸȳȷ ȳȲȭȰɃȽȫɒȳȷȫ [116]. Șȫ ȹȼȸȹȭȾ 
ȺȹȻȰɌȰɔȫ ȯȹȬȳɒȰȸȳɀ ȻȰȲȾȶȽȫȽȫ ȳ ȺȻȰȽɀȹȯȸȳɀ ȳȲȭȰɃȽȫɒȫ ȳȲ ȶȳȽȰȻȫȽȾȻȰ, ȲȫȵɓȾɂȾɒȰȷȹ ȯȫ ɒȰ 
ȺȻȰȯȶȹȱȰȸȳ ȷȹȯȰȶ ȫȯȰȵȭȫȽȫȸ Ȳȫ ȫȸȫȶȳȲȾ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȫ ȸȫ ȭȫȵȫȸɁȳɒȳ. 

 

ȝȫȬȰȶȫ 8. ȏȾȱȳȸȰ CðC ȭȰȲȫ, ȰȸȰȻȮȳɒȰ ȿȹȻȷȳȻȫɔȫ ȭȫȵȫȸɁȳɒȰ ȳ ȷȫȮȸȰȽȸȳ ȷȹȷȰȸȽȳ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ 
ȷȹȸȹȭȫȵȫȸȽȸȰ ȮȻȫȿȰȸȼȵȰ Ȼȫȭȸȳ Ⱦ 4ĭ4 ɕȰȶȳɒȳ ȳȲȻȫɂȾȸȫȽȰ ȻȫȲȶȳɂȳȽȳȷ ȺȻȳȼȽȾȺȳȷȫ. ȚȹȯȫɁȳ 
ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [118], © RCS (2018). 

ȕȹȷȺɒȾȽȫɁȳȹȸȫ 
ɃȰȷȫ 

ȏȾȱȳȸȫ CðC ȭȰȲȰ 
 / Å  

ȐȸȰȻȮȳɒȫ ȿȹȻȷȳȻȫɔȫ 
ȭȫȵȫȸɁȳɒȰ / eV  

ȷȫȮȸȰȽȳȲȫɁȳɒȫ 
/ ǪB 

PBE 1.425 7.768 1.36 

PBE+D2 1.425 7.815 1.35 

PBE+D3 1.425 7.778 1.35 

vdW-DF2 1.430 7.389 1.35 

 

 

 
Ȝȶȳȵȫ 10. ȚȻȳȵȫȲȳ DOS Ȳȫ VG ȺȻȰȵȶȹȺɓȰȸȳ ȼȫ DOS-ȹȷ ɂȳȼȽȹȮ ȮȻȫȿȰȸȫ ȳȲȻȫɂȾȸȫȽȳɀ 
ȵȹȻȳɃɕȰɔȰȷ ȹȯȻȰɌȰȸȳɀ ȻȫɂȾȸȫȻȼȵȳɀ ɃȰȷȫ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [118], © RCS (2018). 
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4.3. ȚȻȳȵȫȲ ȻȰȲȾȶȽȫȽȫ 

4.3.1. ȐȸȰȻȮȰȽȼȵȳ ȳ ȼȽȻȾȵȽȾȻȸȳ ȺȫȻȫȷȰȽȻȳ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȫ ȸȫ 

ȷȹȸȹȭȫȵȫȸɁȳɒȳ 

Ȓȫ ȺȻȹȾɂȫȭȫɔȰ ȫȽȹȷȼȵȰ ȫȯȼȹȻȺɁȳɒȰ ȵȹȻȳȼȽȳȶȳ ȼȷȹ ȻȫȲȶȳɂȳȽȰ ȺȹɂȰȽȸȰ ȺȹȲȳɁȳɒȰ ȫȯȫȽȹȷȫ Ⱦ ȹȯȸȹȼȾ 
ȸȫ ȷȰȼȽȹ ȷȹȸȹȭȫȵȫȸɁȳɒȰ ȸȫ ȮȻȫȿȰȸȾ. Ȟ ȵȹȸȫɂȸȳȷ ȻȰȶȫȵȼȳȻȫȸȳȷ ȼȽȻȾȵȽȾȻȫȷȫ ȭȰȶȳȵȳ ȬȻȹɒ 
ȰȶȰȷȰȸȫȽȫ ȺȻȰȿȰȻȳȻȫ ȵȹȸȿȳȮȾȻȫɁȳɒȾ ȼȫ C3v ȼȳȷȰȽȻȳɒȹȷ, ȮȯȰ ɒȰ ȫȯȫȽȹȷ ȼȷȰɃȽȰȸ Ⱦ ȼȻȰȯȳɃȽȾ 
ȭȫȵȫȸɁȳɒȰ, ȿȹȻȷȳȻȫɒȾɕȳ ȽȻȳ ɒȰȯȸȫȵȰ ȭȰȲȰ ȼȫ ȫȽȹȷȳȷȫ ȾȮɓȰȸȳȵȫ. ȒȬȹȮ ȻȫȲȶȳȵȫ Ⱦ ȭȰȶȳɂȳȸȳ, ȭȰɕȳȸȫ 
ȫȽȹȷȫ ɒȰ ȺȹȲȳɁȳȹȸȳȻȫȸȫ ȳȲȸȫȯ Ȼȫȭȸȳ ȾȮɓȰȸȳȵȫ, ȯȹȵ ȸȰȵȳ, ȺȹȺȾȽ B ȳȶȳ N, ȺȻȫȵȽȳɂȸȹ ȲȫȷȰɔȾɒȾ 
ȾȮɓȰȸȳȵȹȭ ȫȽȹȷ. ȝȫȵȫȭ ȯȹȺȳȻȫȸ ȮȻȫȿȰȸ ȹȼȽȫɒȰ ȼȫȭȻɃȰȸȹ Ȼȫȭȫȸ, ɃȽȹ ȼȰ ȼȶȫȱȰ ȼȫ ȺȻȰȽɀȹȯȸȳȷ 
ȳȼȽȻȫȱȳȭȫɔȳȷȫ [119]. 

Ȝ ȯȻȾȮȰ ȼȽȻȫȸȰ, ȸȰȵȳ ȰȶȰȷȰȸȽȳ ȺȻȰȿȰȻȳȻȫɒȾ ȭȰȲȳȭȫɔȰ Ⱦ ȵȹȸȿȳȮȾȻȫɁȳɒȫȷȫ ȸȳȱȰ ȼȳȷȰȽȻȳɒȰ. ȗȰɌȾ 
ɔȳȷȫ ȼȾ Zn (ȭȰɕ ȺȹȵȫȲȫȸȹ Ⱦ ȻȰȿ. [113]), Cd, Hg, H, O ȳ ɀȫȶȹȮȰȸȳ ȰȶȰȷȰȸȽȳ. Ȓȫ Cl ȼȷȹ ȹȽȵȻȳȶȳ ȯȫ 
ȻȰɃȰɔȫ ȼȫ ȻȫȲȶȳɂȳȽȳȷ ȷȫȮȸȰȽȸȳȷ ȷȹȷȰȸȽȳȷȫ ȷȹȮȾ ȬȳȽȳ ȼȽȫȬȳȶȳȲȹȭȫȸȫ Ⱦ ȲȫȭȳȼȸȹȼȽȳ ȹȯ ȬȻȹɒȫ 
ȿȹȻȷȳȻȫȸȳɀ ClðC ȭȰȲȫ, ȯȹȵ ɒȰ ȹȼȸȹȭȸȹ ȼȽȫɔȰ ȵȹȸȿȳȮȾȻȫɁȳɒȫ Ⱦ ȵȹɒȹɒ ɒȰ ȿȹȻȷȳȻȫȸȫ ȼȫȷȹ ɒȰȯȸȫ Clð
C ȭȰȲȫ. ȓȲȫȬȻȫȸȳ ȻȰȺȻȰȲȰȸȽȫȽȳȭȸȳ ȺȻȳȷȰȻȳ ȻȫȲȶȳɂȳȽȳɀ ȵȹȸȿȳȮȾȻȫɁȳɒȫ ȭȰȲȳȭȫɔȫ ȸȫ ȷȰȼȽȾ 
ȭȫȵȫȸɁȳɒȰ ȺȻȳȵȫȲȫȸȳ ȼȾ ȸȫ ȜȶȳɁȳ 11. 

 

Ȝȶȳȵȫ 11. ȘȰȵȫ ȹȯ ȺȻȳȷȰȻȫ ȮȰȹȷȰȽȻȳɒȫ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ ȯȹȬȳɒȰȸȳɀ ȵȹȻȳɃɕȰɔȰȷ PBE ȳ PBE+D2. 
ȞȮɓȰȸȳȵȹȭȳ ȫȽȹȷȳ ȼȾ ȺȻȳȵȫȲȫȸȳ ȵȫȹ ȺȶȫȭȰ ȼȿȰȻȰ, ȯȹȵ ȼȾ ȸȫȲȸȫɂȰȸȳ ȫȯȫȽȹȷȳ ȺȻȰȯȼȽȫȭɓȰȸȳ 
ȻȫȲȶȳɂȳȽȳȷ Ȭȹɒȫȷȫ. Ȓȫ ȼȭȫȵȾ ȼȽȻȾȵȽȾȻȾ ȯȫȽ ɒȰ ȺȻȳȵȫȲ ȹȯȹȲȮȹ (ȶȰȭȹ) ȳ ȼȫ ȼȽȻȫȸȰ (ȯȰȼȸȹ). ȚȻȰȾȲȰȽȹ 
ȳȲ ȻȰȿ. [118], © RCS (2018). 
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ȓȲȻȫɂȾȸȫȽȰ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ȷȰȼȽȾ ȭȫȵȫȸɁȳɒȰ ȼȾ ȺȻȰȯȼȽȫȭɓȰȸȰ ȸȫ Ȝȶȳȵȫȷȫ 12-15, 
ȯȹȵ ɒȰ ȺȻȰȮȶȰȯ ȼȭȳɀ ȺȹȯȫȽȫȵȫ ȯȫȽ Ⱦ ȝȫȬȰȶȳ 9. ȞȯȫɓȰȸȹȼȽȳ ȫȽȹȷȫ ȹȯ ȮȻȫȿȰȸȼȵȰ Ȼȫȭȸȳ ȯȫȽȰ ȼȾ Ⱦ 
ȝȫȬȰȶȳ 10. țȰȲȾȶȽȾɒȾɕȳ ȷȫȮȸȰȽȸȳ ȷȹȷȰȸȽȳ ȼȳȼȽȰȷȫ ȼȾ ȺȻȳȵȫȲȫȸȳ Ⱦ ȝȫȬȰȶȳ 11. 

 

 
Ȝȶȳȵȫ 12. 3D ȯȳɒȫȮȻȫȷ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȳȼȺȳȽȳȭȫȸȳɀ ȰȶȰȷȰȸȫȽȫ ȸȫ ȷȹȸȹȭȫȵȫȸȽȸȹȷ ȮȻȫȿȰȸȾ 
ȵȹȻȳȼȽȰɕȳ PBE ȺȻȳȼȽȾȺ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [118], © RCS (2018). 

 
Ȝȶȳȵȫ 13. 3D ȯȳɒȫȮȻȫȷ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȳȼȺȳȽȳȭȫȸȳɀ ȰȶȰȷȰȸȫȽȫ ȸȫ ȷȹȸȹȭȫȵȫȸȽȸȹȷ ȮȻȫȿȰȸȾ 
ȵȹȻȳȼȽȰɕȳ PBE+D2 ȺȻȳȼȽȾȺ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [118], © RCS (2018). 
 

 
Ȝȶȳȵȫ 14. 3D ȯȳɒȫȮȻȫȷ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȳȼȺȳȽȳȭȫȸȳɀ ȰȶȰȷȰȸȫȽȫ ȸȫ ȷȹȸȹȭȫȵȫȸȽȸȹȷ ȮȻȫȿȰȸȾ 
ȵȹȻȳȼȽȰɕȳ PBE+D3 ȺȻȳȼȽȾȺ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [118], © RCS (2018).  
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Ȝȶȳȵȫ 15. 3D ȯȳɒȫȮȻȫȷ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȳȼȺȳȽȳȭȫȸȳɀ ȰȶȰȷȰȸȫȽȫ ȸȫ ȷȹȸȹȭȫȵȫȸȽȸȹȷ ȮȻȫȿȰȸȾ 
ȵȹȻȳȼȽȰɕȳ vdW-DF2 ȺȻȳȼȽȾȺ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [118], © RCS (2018). 
 

 
ȕȫȵȹ ȼȰ ȷȹȱȰ ȺȻȳȷȰȽȳȽȳ, ɂȰȽȳȻȳ ȺȻȳȷȰɔȰȸȰ ȻȫɂȾȸȫȻȼȵȰ ɃȰȷȰ ȯȫɒȾ ȼȶȳɂȸȰ ȹȺɃȽȰ ȽȻȰȸȯȹȭȰ 
Ⱦ ȰȸȰȻȮȳɒȫȷȫ ȫȯȼȹȻȺɁȳɒȰ. ȚȹȼȽȹɒȳ ȭȰȹȷȫ ȯȹȬȻȫ ȵȹȻȰȶȫɁȳɒȫ ȳȲȷȰɌȾ PBE ȻȰȲȾȶȽȫȽȫ ȳ 
ȻȰȲȾȶȽȫȽȫ ȹȼȽȫȶȰ ȽȻȳ ȷȰȽȹȯȰ (Ȝȶȳȵȫ 16), ɂȫȵ ȷȸȹȮȹ Ȭȹɓȫ ȸȰȮȹ ȹȸȫ ȯȹȬȳɒȰȸȫ Ȳȫ ȫȽȹȷȼȵȾ 
ȫȯȼȹȻȺɁȳɒȾ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ (Ȝȶȳȵȫ 7), ȯȹȵ ɒȰ ȻȰȯȹȼȶȰȯ ɒȫɂȳȸȰ ȳȸȽȰȻȫȵɁȳɒȰ ȳȼȽȳ: 
PBE+D2 > PBE+D3 > PBE > vdW-DF2. 
 
șȭȹ ȾȵȫȲȾɒȰ ȯȫ Ⱦ ȭȰȲȳȭȫɔȾ ȸȫ ȭȫȵȫȸɁȳɒȾ ȯȹȷȳȸȳȻȫ ɒȫȵȫ ɀȰȷȳɒȼȵȫ ȳȸȽȰȻȫȵɁȳɒȫ, ȽȰ ȯȫ ɒȰ 
ȯȹȺȻȳȸȹȼ ȯȳȼȺȰȻȲȳȹȸȹɒ ȳȸȽȰȻȫȵɁȳɒȳ ȻȰȶȫȽȳȭȸȹ ȷȫȶȳ. ȕȫȵȹ ȼȰ ȳ ȹɂȰȵȳȭȫȶȹ, ȸȫɒȭȳɃȫ 
ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȺȻȹȸȫɌȰȸȫ ɒȰ Ȳȫ C, ȫ ȲȫȽȳȷ ȼȶȰȯȰ B ȳ N, ȵȹɒȳ ȼȰ ȫȯȼȹȻȬȾɒȾ Ⱦ Ȼȫȭȸȳ ȼȫ 
ȾȮɓȰȸȳȵȹȭȳȷ ȫȽȹȷȳȷȫ ȮȻȫȿȰȸȼȵȰ Ȼȫȭȸȳ. d-ȰȶȰȷȰȸȽȳ ȳȸȽȰȻȫȮȾɒȾ ȺȻȳȶȳɂȸȹ ɒȫȵȹ ȼȫ 
ȭȫȵȫȸɁȳɒȹȷ, ȰȸȰȻȮȳɒȫȷȫ ȳȲȷȰɌȾ Ĭ8 eV ȳ Ĭ6 eV. ȏȹȬȳɒȰȸȳ PBE ȻȰȲȾȶȽȫȽȳ ȯȾȱ ȺȰȻȳȹȯȰ 3d 
ȰȶȰȷȰȸȫȽȫ ȼȫȮȶȫȼȸȳ ȼȾ ȼȫ ȹȸȳȷȫ ȸȫȭȰȯȰȸȳȷ Ⱦ ȻȰȿ. [113]. ȘȫɒȼȶȫȬȳɒȰ ȳȸȽȰȻȫȵɁȳɒȰ ȼȰ 
ȺȻȳȷȰɕȾɒȾ Ȳȫ ȰȶȰȷȰȸȽȰ ȼȫ ȺȹȺȾɔȰȸȳȷ ȰȶȰȵȽȻȹȸȼȵȳȷ ɓȾȼȵȫȷȫ, ɃȽȹ ȹȯȮȹȭȫȻȫ 
ȵȹȸȿȳȮȾȻȫɁȳɒȫȷȫ ns2(nĬ1)d10 ȳ ns2np6 (ȺȶȰȷȰȸȳȽȳ Ȯȫȼȹȭȳ). 
 
 
 

ȝȫȬȰȶȫ 9. ȓȲȻȫɂȾȸȫȽȰ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȼȵȳɀ ȭȻȼȽȫ ȸȫ ȷȹȸȹȭȫȵȫȸȽȸȹȷ ȮȻȫȿȰȸȾ, Ⱦ 
ɒȰȯȳȸȳɁȫȷȫ ȰV. ȚȹȯȫɁȳ ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [118], © RCS (2018). 

H      ȰȶȰȷȰȸȽ 
PBE 

PBE+D2 
PBE+D3 
vdWĬDF2 

          He 
Ĭ3.29               Ĭ0.01 

Ĭ3.37               Ĭ0.02 

Ĭ3.33               Ĭ0.03 

Ĭ3.41               Ĭ0.02 

Li  Be           B C N O F Ne 
Ĭ2.65 Ĭ6.17           Ĭ12.91 Ĭ15.60 Ĭ12.02 Ĭ7.77 Ĭ4.55 nb 
Ĭ2.94 Ĭ6.30           Ĭ13.04 Ĭ15.70 Ĭ12.11 Ĭ7.85 Ĭ4.67 Ĭ0.04 
Ĭ2.72 Ĭ6.23           Ĭ12.96 Ĭ15.64 Ĭ12.07 Ĭ7.83 Ĭ4.62 Ĭ0.03 
Ĭ2.59 Ĭ6.29           Ĭ11.76 Ĭ15.60 Ĭ9.51 Ĭ5.41 Ĭ2.43 Ĭ0.04 

Na Mg           Al Si  P S Cl Ar 
Ĭ1.88 Ĭ1.70           Ĭ5.15 Ĭ8.21 Ĭ8.31 Ĭ7.13 Ĭ2.85 Ĭ0.00 
Ĭ2.20 Ĭ1.98           Ĭ5.37 Ĭ8.38 Ĭ8.47 Ĭ7.27 Ĭ3.03 Ĭ0.08 
Ĭ2.00 Ĭ1.80           Ĭ5.23 Ĭ8.28 Ĭ8.41 Ĭ7.25 Ĭ3.01 Ĭ0.09 
Ĭ1.74 Ĭ1.40           Ĭ4.75 Ĭ7.62 Ĭ7.70 Ĭ6.08 Ĭ2.51 Ĭ0.08 

K Ca Sc Ti  V Cr Mn Fe Co Ni  Cu  Zn  Ga  Ge  As Se Br Kr 
Ĭ2.09 Ĭ3.18 Ĭ6.48 Ĭ8.03 Ĭ7.27 Ĭ6.16 Ĭ6.18 Ĭ7.10 Ĭ7.68 Ĭ6.64 Ĭ3.61 Ĭ1.05 Ĭ3.96 Ĭ6.30 Ĭ6.62 Ĭ5.60 Ĭ2.20 Ĭ0.01 
Ĭ2.36 Ĭ3.50 Ĭ6.77 Ĭ8.30 Ĭ7.54 Ĭ6.42 Ĭ6.43 Ĭ7.35 Ĭ7.92 Ĭ6.89 Ĭ3.87 Ĭ1.32 Ĭ4.24 Ĭ6.54 Ĭ6.84 Ĭ5.79 Ĭ2.43 Ĭ0.12 
Ĭ2.22 Ĭ3.27 Ĭ6.59 Ĭ8.14 Ĭ7.38 Ĭ6.28 Ĭ6.31 Ĭ7.23 Ĭ7.79 Ĭ6.78 Ĭ3.75 Ĭ1.18 Ĭ4.07 Ĭ6.39 Ĭ6.74 Ĭ5.74 Ĭ2.39 Ĭ0.12 
Ĭ1.92 Ĭ2.78 Ĭ5.89 Ĭ7.22 Ĭ6.87 Ĭ5.95 Ĭ5.56 Ĭ6.32 Ĭ6.64 Ĭ5.72 Ĭ2.89 Ĭ0.30 Ĭ3.08 Ĭ5.59 Ĭ6.04 Ĭ4.61 Ĭ1.89 Ĭ0.13 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I  Xe 
Ĭ2.06 Ĭ2.83 Ĭ6.21 Ĭ8.34 Ĭ8.15 Ĭ7.29 Ĭ8.26 Ĭ8.81 Ĭ8.34 Ĭ5.27 Ĭ1.72 Ĭ0.10 Ĭ2.12 Ĭ4.28 Ĭ4.98 Ĭ4.24 Ĭ1.67 Ĭ0.03 
Ĭ2.41 Ĭ3.23 Ĭ6.60 Ĭ8.71 Ĭ8.52 Ĭ7.65 Ĭ8.61 Ĭ9.16 Ĭ8.69 Ĭ5.62 Ĭ2.11 Ĭ0.47 Ĭ2.58 Ĭ4.64 Ĭ5.29 Ĭ4.51 Ĭ1.97 Ĭ0.15 
Ĭ2.23 Ĭ2.93 Ĭ6.32 Ĭ8.45 Ĭ8.26 Ĭ7.43 Ĭ8.47 Ĭ8.99 Ĭ8.49 Ĭ5.44 Ĭ1.89 Ĭ0.34 Ĭ2.28 Ĭ4.39 Ĭ5.01 Ĭ4.42 Ĭ1.89 Ĭ0.16 
Ĭ1.88 Ĭ2.39 Ĭ5.57 Ĭ7.51 Ĭ7.74 Ĭ6.93 Ĭ7.31 Ĭ7.67 Ĭ7.05 Ĭ4.30 Ĭ1.28 Ĭ0.19 Ĭ1.94 Ĭ3.96 Ĭ4.72 Ĭ3.41 Ĭ1.44 Ĭ0.11 

Cs Ba La Hf  Ta W Re Os Ir  Pt Au Hg Tl  Pb Bi Po At Rn 
Ĭ2.20 Ĭ3.38 Ĭ6.70 Ĭ8.60 Ĭ8.99 Ĭ8.52 Ĭ8.13 Ĭ9.29 Ĭ9.28 Ĭ7.08 Ĭ2.40 Ĭ0.03 Ĭ2.12 Ĭ3.31 Ĭ4.06 Ĭ3.38 Ĭ1.41 Ĭ0.00 
Ĭ3.33 Ĭ4.39 Ĭ7.62 Ĭ9.17 Ĭ9.50 Ĭ9.03 Ĭ8.63 Ĭ9.79 Ĭ9.77 Ĭ7.57 Ĭ2.93 Ĭ0.40 Ĭ2.50 Ĭ3.69 Ĭ4.46 Ĭ3.68 Ĭ1.77 Ĭ0.24 
Ĭ2.37 Ĭ3.49 Ĭ6.81 Ĭ8.71 Ĭ9.13 Ĭ8.72 Ĭ8.37 Ĭ9.53 Ĭ9.45 Ĭ7.34 Ĭ2.60 Ĭ0.29 Ĭ2.38 Ĭ3.46 Ĭ4.19 Ĭ3.58 Ĭ1.67 Ĭ0.18 
Ĭ2.01 Ĭ2.90 Ĭ5.98 Ĭ7.64 Ĭ7.92 Ĭ8.00 Ĭ7.31 Ĭ8.03 Ĭ7.67 Ĭ6.02 Ĭ1.80 Ĭ0.19 Ĭ1.96 Ĭ3.10 Ĭ3.83 Ĭ2.56 Ĭ1.22 Ĭ0.15 
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ȝȫȬȰȶȫ 10. ȞȯȫɓȰȸȹȼȽ ȫȽȹȷȫ ȹȯ Ȼȫȭȸȳ ȷȹȸȹȭȫȵȫȸȽȸȹȮ ȮȻȫȿȰȸȫ, Ⱦ ɒȰȯȳȸȳɁȫȷȫ ¡. ȚȹȯȫɁȳ 
ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [118], © RCS (2018). 
H      ȰȶȰȷȰȸȽ           He 

0.023     PBE           3.274 

0.023     PBE+D2           3.038 

0.026     PBE+D3           3.037 

0.284     vdWĬDF2           2.988 

Li  Be           B C N O F Ne 
1.687 0.842           0.043 0.000 0.010 0.315 1.654 2.877 
1.730 0.856           0.047 0.000 0.009 0.316 1.655 2.705 
1.690 0.855           0.033 0.000 0.010 0.316 1.653 2.763 
1.583 0.798           0.028 0.000 0.006 0.327 1.542 2.782 

Na Mg           Al Si  P S Cl Ar 
2.142 1.754           1.388 1.167 1.153 1.063 2.136 3.359 
2.112 1.741           1.391 1.169 1.164 1.073 2.139 3.145 
2.169 1.757           1.391 1.186 1.164 1.073 2.135 3.192 
2.160 1.797           1.390 1.186 1.191 1.073 2.170 3.191 

K Ca Sc Ti  V Cr Mn Fe Co Ni  Cu  Zn  Ga  Ge  As Se Br Kr 
2.491 1.974 1.735 1.474 1.399 1.359 1.293 1.222 1.179 1.192 1.289 1.445 1.372 1.427 1.458 1.345 2.320 3.710 
2.436 1.952 1.742 1.481 1.418 1.382 1.297 1.238 1.189 1.195 1.303 1.456 1.379 1.436 1.458 1.355 2.321 3.304 
2.528 1.986 1.744 1.484 1.419 1.375 1.297 1.222 1.182 1.195 1.293 1.439 1.375 1.434 1.464 1.355 2.331 3.362 
2.503 2.063 1.787 1.519 1.465 1.427 1.327 1.254 1.226 1.236 1.388 1.606 1.48 1.542 1.524 1.381 2.361 3.380 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I  Xe 
2.641 2.135 1.939 1.704 1.62 1.578 1.514 1.464 1.460 1.447 1.746 2.432 2.107 1.931 1.819 1.694 2.540 3.657 
2.56 2.107 1.940 1.719 1.634 1.592 1.521 1.476 1.439 1.459 1.763 2.353 2.103 1.939 1.856 1.696 2.528 3.170 
2.679 2.151 1.950 1.718 1.63 1.587 1.510 1.476 1.439 1.454 1.763 2.609 2.135 1.936 1.853 1.694 2.544 3.347 
2.661 2.252 1.997 1.773 1.68 1.637 1.571 1.548 1.520 1.535 2.033 3.314 2.268 1.996 1.863 1.731 2.627 3.178 

Cs Ba La Hf  Ta W Re Os Ir  Pt Au Hg Tl  Pb Bi Po At Rn 
2.788 2.269 2.029 1.665 1.588 1.584 1.540 1.512 1.486 1.467 1.637 3.483 2.436 2.128 1.979 1.845 2.652 3.637 
2.532 2.203 2.029 1.669 1.601 1.587 1.556 1.517 1.488 1.482 1.659 2.855 2.435 2.132 1.987 1.858 2.646 3.284 
2.808 2.278 2.038 1.665 1.595 1.585 1.546 1.517 1.486 1.482 1.648 2.998 2.552 2.131 1.983 1.845 2.647 3.385 
2.815 2.373 2.115 1.721 1.655 1.617 1.585 1.554 1.528 1.526 1.817 3.315 2.501 2.192 2.035 1.902 2.741 3.454 

 

 
Ȝȶȳȵȫ 16. ȕȹȻȰȶȫɁȳɒȫ ȳȲȷȰɌȾ Ὁads

PBE+D2ȟ Ὁads
PBE+D3ȟὉads

vdW-DF2  ̉ Ὁads
PBE Ȳȫ ȫȯȼȹȻȺɁȳɒȾ 

ȰȶȰȷȰȸȫȽȫ ȸȫ ȷȹȸȹȭȫȵȫȸȽȸȹȷ ȮȻȫȿȰȸȾ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [118], © RCS (2018). 
 

ȣȽȹ ȼȰ ȽȳɂȰ ȽȻȰȸȯȹȭȫ ȯȾȱ ȺȰȻȳȹȯȫ ȚȜȐ, ȺȻȳȷȰɕȾɒȾ ȼȰ ȺȶȳȽȵȳ ȷȳȸȳȷȾȷȳ ȰȸȰȻȮȳɒȫ 
ȫȯȼȹȻȺɁȳɒȰ Ȳȫ ȰȶȰȷȰȸȽȰ ȼȫ ȺȹȶȾȺȹȺȾɔȰȸȳȷ d-ȹȻȬȳȽȫȶȫȷȫ, ȳ ȳȲȻȫȱȰȸȰ ȷȳȸȳȷȾȷȰ Ȳȫ ȰȶȰȷȰȸȽȰ ȵȹɒȳ 
ȳȷȫɒȾ ns2(nĬ1)d10 ȵȹȸȿȳȮȾȻȫɁȳɒȰ. Ȟ ȺȹȻȰɌȰɔȾ ȼȫ ȫȯȼȹȻȺɁȳɒȹȷ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ, ȰȶȰȷȰȸȽȳ ȼȫ 
np3 ȵȹȸȿȳȮȾȻȫɁȳɒȹȷ (ȮȻȾȺȫ 15 ȚȜȐ) ɂȭȻȼȽȹ ȼȰ ȭȰȲȾɒȾ Ȳȫ ȭȫȵȫȸɁȳɒȾ ȵȹȻȳȼȽȰɕȳ ȸȰȼȺȫȻȰȸȰ ȭȰȲȰ ȸȫ 
ȷȰȼȽȾ ȭȫȵȫȸɁȳɒȰ ȵȫȵȹ Ȭȳ ȷȫȵȼȳȷȫȶȸȹ ȺȹȺȾȸȳȶȳ ȼȭȹɒȰ ȭȫȶȰȸȽȸȰ ȽȻȫȵȰ. șȭȹ ȼȰ ȷȹȱȰ ȹȬɒȫȼȸȳȽȳ sp3 
ɀȳȬȻȳȯȳȲȫɁȳɒȹȷ ȹȭȳɀ ȰȶȰȷȰȸȫȽȫ, ȵȹɒȫ ȻȰȲȾȶȽȳȻȫ ȹȻȬȳȽȫȶȹȷ ɂȳɒȫ ȼȳȷȰȽȻȳɒȫ ȹȯȮȹȭȫȻȫ ȼȳȷȰȽȻȳɒȳ 
ȸȰȲȫȼȳɕȰȸȳɀ ȭȰȲȫ ȸȫ ȷȰȼȽȾ ȭȫȵȫȸɁȳɒȰ, ȺȻȾȱȫɒȾɕȳ ȷȫȵȼȳȷȫȶȸȹ ȺȻȰȵȶȫȺȫɔȰ ȳ ɒȫȵȾ ɀȰȷȳɒȼȵȾ 
ȳȸȽȰȻȫȵɁȳɒȾ. țȫȲȷȫȽȻȫɒȾɕȳ ȽȻȰȸȯȹȭȰ ȯȾȱ ȮȻȾȺȫ ȚȜȐ, Ȳȫ s- ȳ p-ȰȶȰȷȰȸȽȰ ȼȸȫȮȫ ȳȸȽȰȻȫȵɁȳɒȰ ȹȬȳɂȸȹ 
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ȹȺȫȯȫ ȸȳȲ ȮȻȾȺȰ. Ȟ ȼȶȾɂȫɒȾ ȰȶȰȷȰȸȫȽȫ ȼȫ ȯȰȶȳȷȳɂȸȹ ȺȹȺȾɔȰȸȳȷ d-ɓȾȼȵȫȷȫ ȳ ȺȶȰȷȰȸȳȽȳɀ Ȯȫȼȹȭȫ, 
ȫȯȼȹȻȺɁȳɒȫ ȸȫ ȭȫȵȫȸɁȳɒȾ ȺȹȼȽȫɒȰ ɒȫɂȫ ȸȳȲ ȮȻȾȺȾ. 

 

4.3.2. ȞȽȳɁȫɒ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ 

ȏȫ Ȭȳ ȼȰ ȯȹȬȳȹ Ȭȹɓȳ Ⱦȭȳȯ Ⱦ ȾȶȹȮȾ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ Ⱦ ȭȰȲȳȭȫɔȾ ȻȫȲȶȳɂȳȽȳɀ 
ȰȶȰȷȰȸȫȽȫ, ȳȲȻȫɂȾȸȫȽ ɒȰ ȺȻȹɁȰȸȫȽ ȯȹȺȻȳȸȹȼȫ ȯȳȼȺȰȻȲȳȹȸȳɀ ȵȹȻȰȵɁȳɒȫ Ⱦ Eads Ⱦ PBE+D2 ɃȰȷȳ Ⱦ 
ȹȯȸȹȼȾ ȸȫ PBE, ȺȻȳ ɂȰȷȾ ɒȰ ȺȹȼȷȫȽȻȫȸȫ ȫȯȼȹȻȺɁȳɒȫ ȸȫ ɂȳȼȽȹȷ ȳ ȷȹȸȹȭȫȵȫȸȽȸȹȷ ȮȻȫȿȰȸȾ (Ȝȶȳȵȫ 
17).  

 

 

 
Ȝȶȳȵȫ 17. țȰȶȫȽȳȭȸȳ ȯȹȺȻȳȸȹȼ (Ⱦ ȺȻȹɁȰȸȽȳȷȫ) ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ ȰȸȰȻȮȳɒȫȷȫ 
ȫȯȼȹȻȺɁȳɒȰ ȾȸȾȽȫȻ PBE+D2 ɃȰȷȰ Ⱦ ȹȯȸȹȼȾ ȸȫ PBE. Ȓȫ ȼȭȫȵȾ ȮȻȾȺȾ ȚȜȐ, ȰȶȰȷȰȸȽȳ ȼȾ 
ȻȫȼȺȹȻȰɌȰȸȳ Ƚȫȵȹ ȯȫ ȫȽȹȷȼȵȳ ȬȻȹɒ ȻȫȼȽȰ ȼ ȶȰȭȫ ȸȫ ȯȰȼȸȹ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [118], © RCS (2018). 
 

ȏȹȺȻȳȸȹȼ ȯȳȼȺȰȻȲȳɒȰ ȰȸȰȻȮȳɒȫȷȫ ȭȰȲȳȭȫɔȫ ɒȰ ȷȫȵȼȳȷȫȶȫȸ Ȳȫ ȼȶȫȬȹ ȳȸȽȰȻȫȮȾɒȾɕȰ ȰȶȰȷȰȸȽȰ 
(ȮȻȾȺȰ 12 ȳ 18). Ȟ ȼȶȾɂȫɒȾ ɂȳȼȽȹȮ ȮȻȫȿȰȸȫ, ȳȼȽȳ ȽȻȰȸȯ ȼȰ ȺȻȳȷȰɕȾɒȰ Ȳȫ ȮȻȾȺȰ 6, 7 ȳ 15, ɂȳɒȳ 
ȰȶȰȷȰȸȽȳ ȼȰ ȿȳȲȳȼȹȻȬȾɒȾ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ. ȓȼȽȳ ȲȫȵɓȾɂɁȳ ȹ ȾȶȹȲȳ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ 
ȷȹȮȾ ȼȰ ȳȲȭȰȼȽȳ ȳ Ȳȫ PBE-D3 (ȵȹɒȳ ȹȭȯȰ ȸȳɒȰ ȺȻȳȵȫȲȫȸ), ȳȫȵȹ ɒȰ ȯȹȺȻȳȸȹȼ ȯȳȼȺȰȻȲȳɒȰ ȹȬȳɂȸȹ 
ȸȳȱȳ Ⱦ ȺȹȻȰɌȰɔȾ ȼȫ PBE-D2. Ȓȫ ȫȯȼȹȻȺɁȳɒȾ ȸȫ ȭȫȵȫȸɁȳɒȳ ȽȫȵȹɌȰ ȼȰ ȺȻȳȷȰɕȾɒȰ ȯȫ ȯȾȱ ȮȻȾȺȫ ȚȜȐ 
ȯȹȺȻȳȸȹȼ ȯȳȼȺȰȻȲȳɒȰ ȹȬȳɂȸȹ ȻȫȼȽȰ ȼȫ ȫȽȹȷȼȵȳȷ ȬȻȹɒȰȷ. ȞȲȳȷȫɒȾɕȳ Ⱦ ȹȬȲȳȻ ȷȫȶȳ ȻȰȶȫȽȳȭȸȳ 
ȯȹȺȻȳȸȹȼ ȯȳȼȺȰȻȲȳɒȰ ȯȹȬȳɒȰȸ Ⱦ PBE-D2 ȳ PBE-D3 ȳ ȯȹȬȻȹ ȼȵȫȶȳȻȫɔȰ ȳȲȷȰɌȾ ɔȳɀ ȳ PBE 
ȻȰȲȾȶȽȫȽȫ (Ȝȶȳȵȫ 16), ȷȹȱȰ ȼȰ ȲȫȵɓȾɂȳȽȳ ȯȫ ɒȰ Ȳȫ ȫȯȰȵȭȫȽȸȹ ȷȹȯȰȶȳȻȫɔȰ ȫȽȹȷȼȵȰ ȫȯȼȹȻȺɁȳɒȰ, ȫȵȹ 
ȺȹȼȷȫȽȻȫȷȹ ȰȸȰȻȮȰȽȼȵȰ ȫȼȺȰȵȽȰ ȺȻȹɁȰȼȫ, PBE ȯȹȭȹɓȫȸ Ⱦ ȭȰɕȳȸȳ ȼȶȾɂȫɒȰȭȫ. ȏȫɓȰ, ȵȹȻȰȶȳȼȫȸȰ ȼȾ 
ȳȲȻȫɂȾȸȫȽȰ Eads ȼȫ ȰȵȼȺȰȻȳȷȰȸȽȫȶȸȳȷ ȭȻȰȯȸȹȼȽȳȷȫ ȵȹɀȰȲȳȹȸȳɀ ȰȸȰȻȮȳɒȫ Ⱦ ȼȽȫȬȳȶȸȳȷ ȿȫȲȫȷȫ 
ɂȳȼȽȳɀ ȰȶȰȷȰȸȫȽȫ [76]. ȝȫȵȭȫ ȵȹȻȰȶȫɁȳɒȫ ɒȰ ȺȻȳȵȫȲȫȸȫ ȸȫ ȜȶȳɁȳ 18 Ȳȫ ȼȶȾɂȫɒ vdW-DF2, ȳ ȭȫȱȳ ȳ 
Ȳȫ ȯȻȾȮȰ ȺȻȳȷȰɔȰȸȰ ɃȰȷȰ. 

ȋȸȫȶȳȲȳȻȫɒȾɕȳ ȹȭȰ ȺȹȯȫȽȵȰ, ȲȫȺȫȱȫ ȼȰ ȯȫ Eads ȸȫ ȭȫȵȫȸɁȳɒȳ ȯȹȬȻȹ ȵȹȻȰȶȳȻȫ ȼȫ ȵȹɀȰȲȳȹȸȳȷ 
ȰȸȰȻȮȳɒȫȷȫ, ȯȫɒȾɕȳ ɒȰȯȸȹȼȽȫȭȸȾ ȺȻȫȭȳȶȸȹȼȽ: ɃȽȹ ɒȰ ɒȫɂȫ ȭȰȲȫ ȰȶȰȷȰȸȽȫ Ⱦ ɔȰȮȹȭȹɒ ȼȽȫȬȳȶȸȹɒ ȿȫȲȳ, 
Ƚȹ ɕȰ ȬȳȽȳ ɒȫɂȫ ɔȰȮȹȭȫ ȳȸȽȰȻȫȵɁȳɒȫ ȼȫ ȭȫȵȫȸɁȳɒȹȷ. Ȝȶȳɂȸȳ ȽȻȰȸȯȹȭȳ ȭȰɕ ȼȾ ȻȫȸȳɒȰ ȺȻȳȷȰɕȰȸȳ Ȳȫ 
ȹȮȻȫȸȳɂȰȸ ȬȻȹɒ ȰȶȰȷȰȸȫȽȫ [43,120]. ȝȻȰȬȫ ȸȫȺȹȷȰȸȾȽȳ ȯȫ ȸȳɒȰ ȺȻȳȷȰɕȰȸȫ ȵȹȻȰȶȫɁȳɒȫ ȳȲȷȰɌȾ 
ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ɂȳȼȽȹȷ ȳ ȸȫ ȷȹȸȹȭȫȵȫȸȽȸȹȷ ȮȻȫȿȰȸȾ (Ȝȶȳȵȫ 19).  
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Ȝȶȳȵȫ 18. ȕȹȻȰȶȫɁȳɒȫ ȵȹɀȰȲȳȹȸȳɀ ȰȸȰȻȮȳɒȫ ɂȳȼȽȳɀ ȰȶȰȷȰȸȫȽȫ (Ȑcoh,exp) ȳ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ 

ȯȫȽȰ ȫȽȹȷȼȵȰ ȭȻȼȽȰ ȳȲȻȫɂȾȸȫȽȰ vdW-DF2 ȺȻȳȼȽȾȺȹȷ (Ὁads
vdW-DF2). ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [118], © RCS 

(2018). 

 
Ȝȶȳȵȫ 19. ȕȹȻȰȶȫɁȳɒȫ ȳȲȷȰɌȾ ȳȲȻȫɂȾȸȫȽȳɀ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȳȼȺȳȽȫȸȳɀ ȰȶȰȷȰȸȫȽȫ ȸȫ 
ɂȳȼȽȹȷ ȳ ȷȹȸȹȭȫȵȫȸȽȸȹȷ ȮȻȫȿȰȸȾ, Ȳȫ ɂȰȽȳȻȳ ȺȻȳȷȰɔȰȸȰ ȻȫɂȾȸȼȵȰ ɃȰȷȰ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. 
[118], © RCS (2018). 
 

ȚȻȰȷȫ ȽȹȷȰ, ȸȰ ȸȫȶȫȲȳ ȼȰ ȸȳ ȵȹȻȰȶȫɁȳɒȫ ȳȲȷȰɌȾ ȵȹɀȰȲȳȭȸȳɀ ȰȸȰȻȮȳɒȫ ȰȶȰȷȰȸȫȽȫ ȳ 
ɔȳɀȹȭȳɀ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ. șȭȫ ȻȫȲȶȳȵȫ ȳȲȷȰɌȾ ȫȽȹȷȼȵȰ ȫȯȼȹȻȺɁȳɒȰ ȸȫ 
ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ ȳ VG ȺȻȹȳȲȳȶȫȲȳ ȳȲ ȻȫȲȶȳɂȳȽȳɀ ȭȰȲȫ ȵȹɒȰ ȼȰ ɒȫȭɓȫɒȾ Ⱦ ȹȭȫ ȯȭȫ ȼȶȾɂȫɒȫ. Ȟ ȯȻȾȮȹȷ 
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ȼȶȾɂȫɒȾ ȯȹȶȫȲȳ ȯȹ ȳȼȽȳȸȼȵȳɀ ɀȰȷȳɒȼȵȳɀ ȳȸȽȰȻȫȵɁȳɒȫ, ȯȹȵ Ⱦ ȼȶȾɂȫɒȾ ɂȳȼȽȹȮ ȮȻȫȿȰȸȫ ȳȸȽȰȻȫȵɁȳɒȫ ȼȰ 
ȹȼȽȭȫȻȾɒȰ ȵȻȹȲ Ǯ ȰȶȰȵȽȻȹȸȼȵȳ ȼȳȼȽȰȷ ȵȹɒȳ Ⱦ ȷȸȹȮȳȷ ȼȶȾɂȫɒȰȭȳȷȫ ȸȰ ȺȻȾȱȫ ȺȻȫȭȾ ɀȰȷȳɒȼȵȾ ȭȰȲȾ. 
Ȝȶȳȵȫ 18. ȺȹȵȫȲȾɒȰ ȯȫ ȼȰ ȰȶȰȷȰȸȽȳ ȷȹȮȾ ȻȫȼȺȹȻȰȯȳȽȳ Ⱦ ȯȭȰ ȮȻȾȺȰ. ȋȽȹȷȳ ȼȫ ȯȰȶȳȷȳɂȸȹ 
ȳȼȺȾɔȰȸȳȷ d-ȹȻȬȳȽȫȶȫȷȫ ȷȹȮȾ ȼȰ ȮȻȾȺȳȼȫȽȳ ȲȫɒȰȯȸȹ, ɒȰȻ ȺȹȵȫȲȾɒȾ ȻȰȶȫȽȳȭȸȹ ȷȫȶȾ ȹȼȰȽɓȳȭȹȼȽ ȸȫ 
ȺȹȭȰɕȫɔȰ ȵȹɀȰȲȳȹȸȰ ȰȸȰȻȮȳɒȰ ɂȳȼȽȰ ȷȰȽȫȶȸȰ ȿȫȲȰ. Ȝ ȯȻȾȮȰ ȼȽȻȫȸȰ, ȰȶȰȷȰȸȽȳ ȼȫ ȺȹȺȾɔȰȸȳȷ d-
ȹȻȬȳȽȫȶȫȷȫ (ȳȶȳ ȹȸȳ ȬȰȲ d-ȰȶȰȵȽȻȹȸȫ) ȺȹȵȫȲȾɒȾ ɒȫȵȾ ȵȹȻȰȶȫɁȳɒȾ ȳȲȷȰɌȾ ȵȹɀȰȲȳȹȸȰ ȰȸȰȻȮȳɒȰ ȳ Eads. 

ȞȺȹȻȰɌȳȭȫɔȰ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȳ ȵȹɀȰȲȳȹȸȳɀ ȰȸȰȻȮȳɒȫ ȽȫȵȹɌȰ ȷȹȱȰ ȯȫ ȺȹȷȹȮȸȰ Ⱦ 

ȻȫȲȾȷȰȭȫɔȾ ȯȫ ȶȳ ȫȽȹȷȳ ȺȻȰȿȰȻȳȻȫɒȾ ȯȫ ȼȰ ȫȯȼȹȻȬȾɒȾ ȸȫ ȭȫȵȫȸɁȳɒȾ ȳȶȳ ȼȰ ȼȺȫɒȫɒȾ ȳ ȿȹȻȷȳȻȫɒȾ 

ȵȶȫȼȽȰȻ ȸȫ ȮȻȫȿȰȸȾ. Ȝȭȳ ȰȶȰȷȰȸȽȳ Ȳȸȫɂȫɒȸȹ ȼȶȫȬȳɒȰ ȳȸȽȰȻȫȮȾɒȾ ȼȫ ɂȳȼȽȳȷ ȮȻȫȿȰȸȹȷ ȸȰȮȹ ȼȫ 

ȭȫȵȫȸɁȳɒȹȷ, Ƚȫȵȹ ȯȫ ɕȰ ȼȰ ȺȹɒȰȯȳȸȫɂȸȳ ȫȽȹȷ ȺȻȰ ȭȰȲȫȽȳ ȸȫ ȭȫȵȫȸɁȳɒȳ ȸȰȮȹ Ȳȫ ȷȰȼȽȫ ȸȫ ȬȫȲȸȹɒ 

Ȼȫȭȸȳ ɂȳȼȽȹȮ ȮȻȫȿȰȸȫ. ȕȫȵȹ ɒȰ ȬȫȻȳɒȰȻȫ Ȳȫ ȯȳȿȾȲȳɒȰ ȫȯȫȽȹȷȰ ȸȫ ȮȻȫȿȰȸȾ ȻȰȶȫȽȳȭȸȹ ȷȫȶȫ [121], 

ȫȽȹȷȳ ȷȹȮȾ ȷȳȮȻȳȻȫȽȳ ȳ ȬȳȽȳ ȲȫȻȹȬɓȰȸȳ Ⱦ ȭȫȵȫȸɁȳɒȳ ȳȶȳ ȫȮȶȹȷȰȻȳȻȫȽȳ ȳ ȿȹȻȷȳȻȫȽȳ ȵȶȫȼȽȰȻȰ. 

ȏȫ Ȭȳȼȷȹ ȺȻȹɁȰȸȳȶȳ ȷȹȮȾɕȸȹȼȽ ȺȹȼȶȰȯɔȰȮ ȺȻȹɁȰȼȫ, ȾȺȹȻȰɌȾɒȰȷȹ ȰȵȼȺȰȻȳȷȰȸȽȫȶȸȰ ȵȹɀȰȲȳȹȸȰ 

ȰȸȰȻȮȳɒȰ ȼȫ ȳȲȻȫɂȾȸȫȽȳȷ ȰȸȰȻȮȳɒȫȷȫ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ȭȫȵȫȸɁȳɒȳ (Ȝȶȳȵȫ 20). 

 

 
 

Ȝȶȳȵȫ 20.  ȒȬȳȻ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ȭȫȵȫȸɁȳɒȳ ȳ ȵȹɀȰȲȳȹȸȰ ȰȶȰȷȰȸȫȽȫ Ⱦ ɔȳɀȹȭȳȷ ɂȳȼȽȳȷ 
ȿȫȲȫȷȫ. ȘȰȮȫȽȳȭȸȰ ȭȻȰȯȸȹȼȽȳ ȾȵȫȲȾɒȾ ȸȫ Ƚȹ ȯȫ ȼȾ ȯȫȽȳ ȰȶȰȷȰȸȽȳ ȼȽȫȬȳȶȸȳɒȳ ȸȫ ȭȫȵȫȸɁȳɒȳ ȸȰȮȹ Ⱦ 
ȼȭȹɒȳȷ ɂȳȼȽȳȷ ȿȫȲȫȷȫ. țȰȲȾȶȽȫȽȳ ȼȾ ȸȫȭȰȯȰȸȳ Ȳȫ ȼȭȰ ɂȰȽȳȻȳ ȺȻȳȷȰɔȰȸȰ ȻȫɂȾȸȫȻȼȵȰ ɃȰȷȰ. ȎȹȻɔȳ 
ȻȰȯ ȬȻȹɒȰȭȫ ȺȹȵȫȲȾɒȰ ȮȻȾȺȾ ȚȜȐ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [118], © RCS (2018). 
 

4.3.3. ȗȫȮȸȰȽȸȫ ȼȭȹɒȼȽȭȫ M@VG ȼȳȼȽȰȷȫ 

ȗȫȮȸȰȽȳȲȫɁȳɒȰ M@VG ȼȳȼȽȰȷȫ ȯȰȽȫɓȸȹ ȼȾ ȯȫȽȰ Ⱦ ȝȫȬȰȶȳ 11. ȚȻȳȷȰɔȰȸȰ ȻȫɂȾȸȫȻȼȵȰ 
ɃȰȷȰ ȼȰ ȯȹȬȻȹ ȼȶȫȱȾ Ⱦ ȺȻȰȯȭȳɌȫɔȾ ȷȫȮȸȰȽȸȳɀ ȷȹȷȰȸȫȽȫ, ȾȲ ȻȫȲȶȳȵȾ ȵȹɒȫ ɒȰ ȺȻȳȷȰɕȰȸȫ 
ȵȹȻȳɃɕȰɔȰȷ DFT+U Ȳȫ ȼȶȾɂȫɒ Fe, ɃȽȹ ɒȰ ȻȰȲȾȶȽȳȻȫȶȹ ȹȼȸȹȭȸȳȷ ȼȽȫɔȰȷ ȵȹɒȰ ȳȷȫ ȸȰȸȾȶȽȳ 
ȷȫȮȸȰȽȸȳ ȷȹȷȰȸȽ [113], ɃȽȹ ȸȳɒȰ ȼȶȾɂȫɒ ȼȫ PBE ȳ, ȵȫȵȹ ɃȽȹ ɕȰ ȼȰ ȭȳȯȰȽȳ, vdW-DF2. ȓȺȫȵ, ȾȺȻȵȹȼ 
ȺȻȹȬȶȰȷȳȷȫ Ⱦ ȺȻȰȯȭȳɌȫɔȾ ȷȫȮȸȰȽȸȳɀ ȼȭȹɒȼȽȫȭȫ Ⱦ ȼȳȼȽȰȷȳȷȫ M@VG ȵȹȻȳɃɕȰɔȰȷ PBE ȺȻȳȼȽȾȺȫ, 
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ȷȹȱȰ ȼȰ ȲȫȵɓȾɂȳȽȳ ȯȫ ȫȯȼȹȻȺɁȳɒȫ ȫȽȹȷȫ ȸȫ ȭȫȵȫȸɁȳɒȾ Ȳȸȫɂȫɒȸȹ ȷȰɔȫ ȷȫȮȸȰȽȸȫ ȼȭȹɒȼȽȭȫ VG. 
țȰȲȾȶȽȫȽȳ ȾȵȫȲȾɒȾ ȯȫ ȭȰȶȳȵȳ ȾȯȰȹ ȻȫȲȷȫȽȻȫȸȳɀ ȫȽȹȷȫ ȻȰȲȾȶȽȳȻȫ ȸȰȷȫȮȸȰȽȸȳȷ ȹȼȸȹȭȸȳȷ ȼȽȫɔȳȷȫ, 
ȯȹȵ ȸȰȵȳ ȰȶȰȷȰȸȽȳ (ȫȶȵȫȶȸȳ ȳ ȲȰȷȸȹ-ȫȶȵȫȶȸȳ ȷȰȽȫȶȳ, ȰȶȰȷȰȸȽȳ ȳȲ ȼȻȰȯɔȰȮ ȯȰȶȫ d-Ȭȶȹȵȫ, ȷȰȽȫȶȳ 
ȳȲ ȮȻȾȺȫ 11 ȳ 12) ȯȫɒȾ ȷȫȮȸȰȽȸȰ ȼȳȼȽȰȷȰ ȼȫ Ȳȸȫɂȫɒȸȳȷ ȷȫȮȸȰȽȸȳȷ ȷȹȷȰȸȽȳȷȫ. 

Ȓȫȸȳȷɓȳȭ ȺȻȳȷȰȻ ȷȹȱȰ ȭȳȯȰȽȳ Ⱦ ȼȶȾɂȫɒȾ ȫȯȼȹȻȺɁȳɒȰ ȺȶȰȷȰȸȳȽȳɀ Ȯȫȼȹȭȫ. Ȟ ȼȭȳȷ 
ȼȶȾɂȫɒȰȭȳȷȫ ȲȫȺȫȱȫ ȼȰ ȷȫȮȸȰȽȳȲȫȷ ȵȹɒȳ ɒȰ Ⱥȹ ȭȰȶȳɂȳȸȳ ȭȰȹȷȫ ȬȶȳȲȫȵ ȹȸȹȷ ȵȹȯ ɂȳȼȽȹȮ VG. ȓȲ 
ȹȭȹȮ ȻȫȲȶȹȮȫ ȮȻȫȿȳɂȵȳ ɒȰ ȺȻȳȵȫȲȫȸȫ ȯȳȼȽȻȳȬȾɁȳɒȫ ȼȺȳȸ-ȮȹȻȰ ȳ ȼȺȳȸ-ȯȹȶȰ ȼȽȫɔȫ Ⱦ ȹȭȳȷ 
ȼȳȼȽȰȷȳȷȫ (Ȝȶȳȵȫ 21) ȳ ȺȹȽȭȻɌȰȸȹ ɒȰ ȯȫ ȷȫȮȸȰȽȳȲȫȷ ȺȹȽȳɂȰ ȹȯ ȼȫȷȹȮ ȺȹȼȽȹɒȫɔȫ ȷȹȸȹȭȫȵȫȸɁȳɒȰ Ⱦ 
ȻȰɃȰȽȵȳ ȮȻȫȿȰȸȫ. ȒȬȹȮ ȭȰȹȷȫ ȼȶȫȬȳɀ ȳȸȽȰȻȫȵɁȳɒȫ ȺȶȰȷȰȸȳȽȳɀ Ȯȫȼȹȭȫ ȼȫ ȯȰȿȰȵȽȹȷ, ȹȸ ȹȼȽȫɒȰ 
ȮȹȽȹȭȹ ȸȰȺȻȹȷȰɔȰȸ Ⱦ ȺȹȻȰɌȰɔȾ ȼȫ ɂȳȼȽȳȷ VG. 

 

 
Ȝȶȳȵȫ 21. ȏȳȼȽȻȳȬȾɁȳɒȫ ȼȺȳȸȼȵȰ ȺȹȶȫȻȳȲȫɁȳɒȰ (ǯspin up ð ǯspin down) Ȳȫ ȹȼȸȹȭȸȹ ȼȽȫɔȰ Ar ȸȫ 
ȭȫȵȫȸɁȳɒȳ, ȳȲȻȫɂȾȸȫȽȫ PBE ɃȰȷȹȷ (ȭȻȰȯȸȹȼȽȳ  ȳȲȹȺȹȭȻɃȳȸȫ ȳȲȸȹȼȰ ±0.006 e ÅĬ3). ȚȻȰȾȲȰȽȹ 
ȳȲ ȻȰȿ. [118], © RCS (2018). 
 

 

ȝȫȬȰȶȫ 11. ȗȫȮȸȰȽȳȲȫɁȳɒȰ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ ȼȳȼȽȰȷȫ A@VG, Ⱦ ɒȰȯȳȸȳɁȫȷȫ ǪB. ȚȹȯȫɁȳ 
ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [118], © RCS (2018). 
H      ȰȶȰȷȰȸȽ           He 
2.74     PBE           1.36 
2.74     PBE+D2           1.36 
2.74     PBE+D3           1.36 
2.48     vdWĬDF2           1.38 

Li  Be           B C N O F Ne 
0.82 0.00           0.00 0.00 0.00 0.00 0.00 1.36 
0.82 0.00           0.00 0.00 0.00 0.00 0.00 1.37 
0.82 0.00           0.00 0.00 0.00 0.00 0.00 1.36 
2.20 0.00           0.00 0.00 0.00 0.00 0.00 1.38 

Na Mg           Al Si P S Cl Ar 
0.98 1.94           0.00 0.00 0.00 0.00 0.01 1.36 
0.98 1.94           0.00 0.00 0.00 0.00 0.00 1.37 
0.98 1.94           0.00 0.00 0.00 0.00 0.00 1.37 
0.98 1.89           0.00 0.00 0.00 0.00 0.39 1.45 

K Ca Sc Ti  V Cr Mn Fe Co Ni  Cu Zn Ga Ge As Se Br Kr 
1.00 1.89 0.00 0.00 1.01 2.01 2.84 0.00 0.28 0.00 0.87 1.00 0.00 0.00 0.00 0.00 0.00 1.36 
1.00 1.9 0.00 0.00 1.01 2.02 2.83 0.00 0.28 0.00 0.77 1.18 0.00 0.00 0.00 0.00 0.00 1.37 
1.00 1.89 0.00 0.00 1.01 2.01 2.84 0.00 0.28 0.00 0.93 1.12 0.00 0.00 0.00 0.00 0.00 1.37 
0.99 1.82 0.00 0.00 1.01 2.05 2.76 0.00 0.00 0.00 0.94 1.78 0.00 0.00 0.00 0.00 0.00 1.38 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I  Xe 
1.00 1.96 0.00 0.00 0.97 1.98 0.94 0.00 0.00 0.00 1.02 1.69 2.33 0.00 0.00 0.00 0.02 1.37 
1.00 1.96 0.00 0.00 0.97 1.98 0.94 0.00 0.00 0.00 1.00 1.72 2.34 0.00 0.00 0.00 0.07 1.42 
1.00 1.96 0.00 0.00 0.97 1.98 0.93 0.00 0.00 0.00 1.00 1.50 2.30 0.00 0.00 0.00 0.15 1.39 
1.00 1.93 0.00 0.00 0.97 1.99 0.95 0.00 0.00 0.00 0.95 1.31 2.22 0.00 0.00 0.00 0.60 1.41 

Cs Ba La Hf  Ta W Re Os Ir  Pt Au Hg Tl  Pb Bi Po At Rn 
1.00 1.97 0.00 0.00 0.75 1.97 0.94 0.00 0.71 0.00 1.00 1.34 0.81 0.00 0.00 0.00 0.37 1.37 
1.00 1.98 0.00 0.00 0.77 1.97 0.93 0.00 0.71 0.00 1.00 1.40 0.80 0.00 0.00 0.00 0.36 1.41 
1.00 1.96 0.00 0.00 0.76 1.97 0.94 0.00 0.71 0.00 1.00 1.38 0.82 0.00 0.00 0.00 0.41 1.40 
1.00 1.94 0.00 0.00 0.63 1.99 1.02 0.00 0.00 0.00 0.59 1.35 0.77 0.00 0.00 0.00 0.71 1.46 
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4.3.4. ȜȽȫȬȳȶȸȹȼȽ ȫȽȹȷȫ Ⱦ ȭȫȵȫȸɁȳɒȳ ȺȻȳ ȻȰȫȶȸȳȷ ȰȶȰȵȽȻȹɀȰȷȳɒȼȵȳȷ 

Ⱦȼȶȹȭȳȷȫ 

ȍȳȯȳ ȼȰ ȯȫ ȼȭȰ ɂȰȽȳȻȳ ȺȻȳȷȰɔȰȸȰ ȻȫɂȾȸȫȻȼȵȰ ɃȰȷȰ ȺȻȰȯȭȳɌȫɒȾ ȯȫ ɕȰ ȭȰɕȳȸȫ ȰȶȰȷȰȸȫȽȫ 
ȬȳȽȳ ăȲȫȻȹȬɓȰȸȫò ȸȫ ȭȫȵȫȸɁȳɒȳ, ȯȹȵ Ȭȳ ȸȰȵȳ ȹȯ ɔȳɀ ȷȹȮȶȳ ȿȹȻȷȳȻȫȽȳ ȭȰȲȰ ȼȫ ȯȻȾȮȳȷ ȫȽȹȷȳȷȫ 
ȼȭȹɒȰ ȭȻȼȽȰ. șȭȯȰ ȼȺȫȯȫɒȾ 5d ȰȶȰȷȰȸȫȽȫ ȼȫ ȳȲȾȲȰȽȸȹ ȭȳȼȹȵȹȷ ȵȹɀȰȲȳȹȸȹȷ ȰȸȰȻȮȳɒȹȷ (W ɒȰ 
ȸȫɒȳȼȽȫȵȸȾȽȳɒȳ ȺȻȳȷȰȻ) ȳ ȰȶȰȷȰȸȽȳ ȮȻȾȺȰ 11 (Cu, Ag ȳ Au) ȳ 12 (Zn, Cd, Hg), ȵȹɒȳ ȼȶȫȬȳɒȰ 
ȳȸȽȰȻȫȮȾɒȾ ȼȫ ȭȫȵȫȸɁȳɒȹȷ. 

șȺȫȱȰȸȫ ȼȽȫȬȳȶȳȲȫɁȳɒȫ ȷȰȽȫȶȸȳɀ ȫȽȹȷȫ ȸȫ ȭȫȵȫȸɁȳɒȳ Ⱦ ȺȹȻȰɌȰɔȾ ȼȫ ɔȳɀȹȭȳȷ ɂȳȼȽȳȷ 
ȿȫȲȫȷȫ ȷȹȱȰ ȼȰ ȺȹȭȰȲȫȽȳ ȼȫ ȽȰȸȯȰȸɁȳɒȹȷ ȹȭȳɀ ȫȽȹȷȫ ȯȫ ȼȰ ȻȫȼȽȭȫȻȫɒȾ ȼȫ VG. șȭȹ ɒȰ ȹȯ ȭȰȶȳȵȰ 
ȭȫȱȸȹȼȽȳ ȵȫȯȫ ȼȰ ȻȫȲȷȫȽȻȫɒȾ ȷȹȮȾɕȰ ȺȻȳȷȰȸȰ ȼȳȼȽȰȷȫ M@VG ȵȫȹ ȵȫȽȫȶȳȲȫȽȹȻȫ, ȬȾȯȾɕȳ ȯȫ Ⱦ 
ȻȫȼȽȭȹȻȳȷȫ ȷȹȱȰ ȯȹɕȳ ȯȹ ȻȫȼȽȭȫȻȫɔȫ ȳ ȵȹȻȹȲȳɒȰ. ȚȻȳȶȫȮȹɌȫȭȫɔȰȷ ȺȻȳȼȽȾȺȫ ȹȺȳȼȫȸȹȮ Ⱦ ȻȰȿ. 
[112], ȳȲȻȫɂȾȸȫȽȳ ȼȾ ȼȽȫȸȯȫȻȯȸȳ ȰȶȰȵȽȻȹȯȸȳ ȺȹȽȰȸɁȳɒȫȶȳ Ȳȫ ȼȶȰȯȰɕȳ ȺȻȹɁȰȼ Ȳȫ ȼȭȰ ȳȼȺȳȽȫȸȰ 
ȷȰȽȫȶȰ: 

ὓ ὠὋ ᾀὩᴼὓͽὠὋ (18) 

ȵȹɒȰ ɕȰ ȯȫɓȰ ȬȳȽȳ ȹȲȸȫɂȫȭȫȸȳ ȵȫȹ Ὁ /M@VG 

ȚȹȽȰȸɁȳɒȫȶȳ ȼȾ ȳȲȻȫɂȾȸȫȽȳ ȸȫ ȹȼȸȹȭȾ ȼȽȫȸȯȫȻȯȸȳɀ ȰȶȰȵȽȻȹȯȸȳɀ ȺȹȽȰȸɁȳɒȫȶȫ (Ὁ /M) Ȳȫ 

ȻȰȫȵɁȳɒȾ: 

ὓᾀ++ᾀὩĬɸὓ(ί) (19) 

Ⱥȹȯ ȺȻȰȽȺȹȼȽȫȭȵȹȷ ȮȫȶȭȫȸȼȵȰ ɕȰȶȳɒȰ ȮȯȰ ɒȰ ȫȸȹȯȫ ȸȫȺȻȫȭɓȰȸȫ ȹȯ ɂȳȼȽȹȮ ȷȰȽȫȶȫ M, ȫ ȵȫȽȹȯȫ ȹȯ 
VG, a ȺȹȶȾ-ȻȰȫȵɁȳɒȫ ȯȫȽȫ ȄȰȯȸ. (18). ȋȵȽȳȭȸȹȼȽ Mz+ ɒȹȸȫ ȼȰ ȺȻȰȽȺȹȼȽȫȭɓȫ ɒȰȯȳȸȳɂȸȹȷ, ȳ ȼȷȫȽȻȫ ȼȰ 
ȯȫ ȼȾ VG ȳ M@VG Ⱦ ȼȭȹɒȳȷ ȼȽȫȸȯȫȻȯȸȳȷ ȼȽȫɔȳȷȫ ȵȫȹ ɂȭȻȼȽȰ ȿȫȲȰ. Țȹȯ ȺȻȰȽȺȹȼȽȫȭȵȹȷ ȯȫ ȸȰȷȫ 
ȺȻȹȷȰȸȫ ȲȫȺȻȰȷȳȸȰ Ƚȹȵȹȷ ȻȰȫȵɁȳɒȰ ȳ ȯȫ ȼȰ ȯȹȺȻȳȸȹȼ ȰȸȽȻȹȺȳɒȰ ȷȹȱȰ ȲȫȸȰȷȫȻȳȽȳ, ȭȻȰȯȸȹȼȽ 

Ὁ /M@VG ȼȰ ȳȲȻȫɂȾȸȫȭȫ ȼȶȰȯȰɕȹȷ ȿȹȻȷȾȶȹȷ: 

Ὁ /M@VG Ὁ /M

ὉadsὉcoh
ᾀὊ

 (20) 

Ȟ ȹȭȹɒ ȿȹȻȷȾȶȳ, F ȺȻȰȯȼȽȫȭɓȫ ȟȫȻȫȯȰɒȰȭȾ ȵȹȸȼȽȫȸȽȾ, ȳ ȭȻȰȯȸȹȼȽȳ Eads ȳ Ecoh ȼȰ ȷȹȻȫɒȾ ȳȲȻȫȲȳȽȳ Ⱦ 
ɒȰȯȳȸȳɁȫȷȫ [J molĬ1]. ȚȹȽȰȸɁȳɒȫȶȳ ȳȲȻȫɂȾȸȫȽȳ ȸȫ ȹȭȫɒ ȸȫɂȳȸ ȺȻȰȯȼȽȫȭɓȰȸȳ ȼȾ Ⱦ ȝȫȬȰȶȳ 12. Ȝȭȳ 
ȺȹȽȰȸɁȳɒȫȶȳ ȳȲȻȫɂȾȸȫȽȳ Ⱦ ȹȭȹȷ ȻȫȯȾ ȺȻȳȵȫȲȫȸȳ ȼȾ Ⱦ ȹȯȸȹȼȾ ȸȫ ȼȽȫȸȯȫȻȯȸȾ ȭȹȯȹȸȳɂȸȾ ȰȶȰȵȽȻȹȯȾ 
(ȰȸȮȶ. Standard Hydrogen Electrode, SHE) ȸȫ 25 °C. 

Șȫ ȹȭȫɒ ȸȫɂȳȸ ȯȹȬȳɒȫ ȼȰ ȺȹȽȰȸɁȳɒȫȶ ȻȫȼȽȭȫȻȫɔȫ ȻȫȲȷȫȽȻȫȸȳɀ ɀȰȷȳɒȼȵȳɀ ȭȻȼȽȫ ȳȲ 
ȮȻȫȿȰȸȼȵȰ ȵȻȳȼȽȫȶȸȰ ȻȰɃȰȽȵȰ. Șȫ ȹȼȸȹȭȾ ȹȭȳɀ ȻȰȲȾȶȽȫȽȫ ȻȫȲȷȹȽȻȰȸȹ ɒȰ ȻȫȼȽȭȫȻȫɔȰ M ȼȫ 
ȭȫȵȫȸɁȳɒȰ Ⱥȹȯ ȻȫȲȶȳɂȳȽȳȷ pH Ⱦȼȶȹȭȳȷȫ ȳ ȾȼȽȫȸȹȭɓȰȸȹ ȯȫ, ȵȫȯȫ ȼȾ ȫȯȼȹȻȬȹȭȫȸȳ ȸȫ ȭȫȵȫȸɁȳɒȾ, 
ȹȯȻȰɌȰȸȳ ȰȶȰȷȰȸȽȳ ȸȰ Ȭȳ ȽȻȰȬȫȶȹ ȯȫ ȼȰ ȻȫȼȽȭȹȻȰ ȺȻȰȷȫ jȰȯȸ. (10), ȸȫȵȹȸ ɂȰȮȫ ȼȶȰȯȳ ȰȭȹȶȾɁȳɒȫ H2, 
ȬȰȲ ȹȬȲȳȻȫ ȸȫ pH, Ȝȶȳȵȫ 22. ȗȹȱȰ ȼȰ ȲȫȵɓȾɂȳȽȳ ȯȫ ȼȾ ȹȭȰ ȭȻȼȽȰ ȷȫɔȰ ȼȵȶȹȸȰ ȻȫȼȽȭȫȻȫɔȾ ȹȯ 
ȼȭȹɒȳɀ ȷȰȽȫȶȸȳɀ ȿȫȲȫ (ȯȻȾȮȳȷ ȻȰɂȳȷȫ, ȹȸȰ ȼȾ ȺȶȰȷȰȸȳȽȳɒȰ ȹȯ ȹȯȮȹȭȫȻȫɒȾɕȳɀ ɂȳȼȽȳɀ ȷȰȽȫȶȫ), ȹȼȳȷ 
Ȳȫ ȷȰȽȫȶȰ ȸȫȭȰȯȰȸȰ ȸȫ ȜȶȳɁȳ 22. 

ȚȹȭȰɕȫɔȰ ȺȶȰȷȰȸȳȽȹȼȽȳ Ⱦ ȹȯȸȹȼȾ ȸȫ ɂȳȼȽȾ ȷȰȽȫȶȸȾ ȿȫȲȾ ȺȻȳȷȰɕȰȸȹ ɒȰ Ȳȫ ȭȰɕȳȸȾ 
ȵȫȽȫȶȳȽȳɂȵȳ ȳȸȽȰȻȰȼȫȸȽȸȳɀ ȷȰȽȫȶȫ ȵȹɒȳ ȼȰ ȸȫȶȫȲȰ Ⱦ d-ȬȶȹȵȾ ȚȜȐ. ȗȰɌȾ ɔȳȷȫ ȼȾ, ȸȫ ȺȻȳȷȰȻ, Fe, 
Co ȳ Ni, ȵȹɒȳ ȼȾ ȭȰȹȷȫ Ⱥȹȯȶȹȱȸȳ ȵȹȻȹȲȳɒȳ Ⱦ ȵȳȼȰȶȳȷ ȻȫȼȽȭȹȻȳȷȫ. Ȝ ȯȻȾȮȰ ȼȽȻȫȸȰ, ȸȰȵȳ ȰȶȰȷȰȸȽȳ 
ɕȰ ȼȰ ȻȫȼȽȭȹȻȳȽȳ ȼȫ ȭȫȵȫȸɁȳɒȰ ȸȫ ȼȭȫȵȹȷ pH, ȳ Ƚȫȵȭȳ M@VG ȼȳȼȽȰȷȳ ȸȰ ȷȹȮȾ ȼȰ ȼȷȫȽȻȫȽȳ 
ȼȽȫȬȳȶȸȳȷ Ⱦ ȭȹȯȰȸȳȷ ȼȻȰȯȳȸȫȷȫ (ȼȽȫȸȯȫȻȯȸȳ ȺȹȽȰȸɁȳɒȫȶ ȳȼȺȹȯ Ĭ0.826 V). Ȓȫ ȼȶȾɂȫɒȰȭȰ ȳȲȷȰɌȾ 
ȹȭȫ ȯȭȫ ȷȹȱȰ ȼȰ ȸȫɕȳ ȫȯȰȵȭȫȽȫȸ ȹȺȼȰȮ pH Ⱦ ȵȹɒȰȷ ȼȰ ȷȫȽȰȻȳɒȫȶ ȷȹȱȰ ȵȹȻȳȼȽȳȽȳ ȬȰȲ ȻȫȼȽȭȫȻȫɔȫ 
ȷȰȽȫȶȫ. Ȟ ȹȯȸȹȼȾ ȸȫ ȰȶȰȵȽȻȹɀȰȷȳɒȼȵȰ ȺȻȳȷȰȸȰ, ȺȹȼȽȹɒȳ ȳ ȯȹȯȫȽȸȳ ȿȫȵȽȹȻ, ȫ Ƚȹ ɒȰ ȰȶȰȵȽȻȹȯȸȳ 
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ȺȹȽȰȸɁȳɒȫȶ. Ȟ Ƚȹȷ ȼȶȾɂȫɒȾ, Ȳȫ ȼȭȫȵȳ ȷȰȽȫȶ ȫȯȼȹȻȬȹȭȫȸ ȸȫ VG ȳ ȼȭȫȵȾ pH ȭȻȰȯȸȹȼȽ, ȷȹȱȰ ȼȰ ȸȫɕȳ 
ȺȹȽȰȸɁȳɒȫȶȸȳ ȹȺȼȰȮ Ⱦ ȵȹɒȰȷ ɒȰ M@VG ȼȽȫȬȳȶȫȸ. ȝȫȵȹɌȰ, Ȳȫ Ƚȫȵȫȭ ȼɁȰȸȫȻȳȹ ȺȹȼȽȹɒȰ ȷȰȽȫȶȳ ȵȹɒȳ ȼȰ 
ȸȰ ȻȫȼȽȭȫȻȫɒȾ ȼȫ ȭȫȵȫȸɁȳɒȰ ȾȸȾȽȫȻ (ȽȰȹȻȳɒȼȵȹȮ) ȹȺȼȰȮȫ ȺȹȽȰȸɁȳɒȫȶȫ ȯȹȼȽȾȺȸȹȮ Ⱦ ȭȹȯȰȸȳȷ 
ȻȫȼȽȭȹȻȳȷȫ (ȰȶȰȵȽȻȹȯȸȳ ȺȹȽȰȸɁȳɒȫȶ ȳȲȸȫȯ 1.23 V: Ru, Co, Rh, Pd, Pt, Au). 

 

ȝȫȬȰȶȫ 12. ȓȲȻȫɂȾȸȫȽȰ ȭȻȰȯȸȹȼȽȳ ȼȽȫȸȯȫȻȯȸȹȮ ȰȶȰȵȽȻȹȯȸȹȮ ȺȹȽȰȸɁȳɒȫȶȫ ȻȰȯȹȵȼ ȺȫȻȫ Mz+/M  Ȳȫ 
ɂȰȽȳȻȳ ȺȻȳȷȰɔȰȸȰ ȷȰȽȹȯȰ. ȋȵȹ ȼȰ ȺȹȶȾȻȰȫȵɁȳɒȫ (11) ȷȹȱȰ ȹȯȭȳɒȫȽȳ ȼȫ ȻȫȲȶȳɂȳȽȳȷ z, ȾȲȰȽȫ ɒȰ 
ȸȫɒȸȰȮȫȽȳȭȸȳɒȫ ȭȻȰȯȸȹȼȽ. ȐȶȰȷȰȸȽȳ ȼȾ ȮȻȾȺȳȼȫȸȳ ȵȫȵȹ ȼȰ ȺȹɒȫȭɓȾɒȾ Ⱦ ȮȻȾȺȫȷȫ ȚȜȐ, ȼȫ ȻȫȼȽȾɕȳȷ 
ȫȽȹȷȼȵȳȷ ȬȻȹɒȰȷ. ȚȹȯȫɁȳ ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [118], © RCS (2018). 

ȷȰȽȫȶ ╔╜◑/M
▫  / V  z 

╔╜◑/M@VG
▫  / V  

PBE PBE+D2 PBE+D3 vdW-DF2 
Li Ĭ3.0401 1 Ĭ2.02 Ĭ1.73 Ĭ1.95 Ĭ2.08 
Na Ĭ2.71 1 Ĭ1.94 Ĭ1.62 Ĭ1.82 Ĭ1.82 
K Ĭ2.931 1 Ĭ1.78 Ĭ1.51 Ĭ1.65 Ĭ1.95 
Rb Ĭ2.98 1 Ĭ1.77 Ĭ1.42 Ĭ1.60 Ĭ1.95 
Cs Ĭ3.206 1 Ĭ1.81 Ĭ0.68 Ĭ1.64 Ĭ2.00 

Be Ĭ1.847 2 Ĭ0.42 Ĭ0.36 Ĭ0.39 Ĭ0.36 
Mg Ĭ2.372 2 Ĭ2.28 Ĭ2.14 Ĭ2.23 Ĭ2.43 
Ca Ĭ2.868 2 Ĭ2.20 Ĭ2.04 Ĭ2.15 Ĭ2.40 
Sr Ĭ2.889 2 Ĭ2.33 Ĭ2.13 Ĭ2.28 Ĭ2.55 
Ba Ĭ2.912 2 Ĭ2.17 Ĭ1.67 Ĭ2.12 Ĭ2.41 

Sc Ĭ2.077 3 Ĭ1.22 Ĭ1.12 Ĭ1.18 Ĭ1.41 
Y Ĭ2.372 3 Ĭ1.76 Ĭ1.63 Ĭ1.72 Ĭ1.97 
La Ĭ2.379 3 Ĭ1.64 Ĭ1.33 Ĭ1.60 Ĭ1.88 

Ti Ĭ1.63 2 Ĭ0.04 0.10 0.02 Ĭ0.45 
Zr Ĭ1.45 4 Ĭ0.93 Ĭ0.84 Ĭ0.90 Ĭ1.14 
Hf Ĭ1.55 4 Ĭ1.01 Ĭ0.87 Ĭ0.98 Ĭ1.25 

V Ĭ1.13 2 Ĭ0.15 Ĭ0.01 Ĭ0.10 Ĭ0.35 
Nb Ĭ1.099 3 Ĭ0.91 Ĭ0.78 Ĭ0.87 Ĭ1.04 
Ta Ĭ0.60 3 Ĭ0.30 Ĭ0.13 Ĭ0.26 Ĭ0.66 

Cr Ĭ0.74 3 Ĭ0.05 0.03 Ĭ0.01 Ĭ0.12 
Mo ȸ.Ⱥ.      
W ȸ.Ⱥ.      
Mn Ĭ1.185 2 0.45 0.57 0.51 0.14 
Tc ȸ.Ⱥ.      
Re 0.30 3 0.33 0.50 0.41 0.06 

Fe Ĭ0.44 2 0.97 1.10 1.04 0.58 
Ru 0.60 3 1.29 1.41 1.35 0.91 
Os ȸ.Ⱥ.      
Co Ĭ0.28 2 1.37 1.49 1.42 0.85 
Rh 0.76 3 1.62 1.74 1.67 1.19 
Ir ȸ.Ⱥ.      
Ni Ĭ0.25 2 0.85 0.98 0.92 0.39 
Pd 0.915 2 1.61 1.78 1.69 1.12 
Pt 1.188 2 1.81 2.05 1.94 1.28 

Cu 0.337 2 0.40 0.53 0.47 0.04 
Ag 0.7996 1 Ĭ0.43 Ĭ0.04 Ĭ0.26 Ĭ0.87 
Au 1.52 3 1.26 1.44 1.33 1.06 

Zn Ĭ0.7618 2 Ĭ0.91 Ĭ0.78 Ĭ0.85 Ĭ1.29 
Cd Ĭ0.40 2 Ĭ0.93 Ĭ0.75 Ĭ0.81 Ĭ0.89 
Hg 0.85 2 0.53 0.72 0.66 0.61 

Al Ĭ1.662 3 Ĭ1.08 Ĭ1.00 Ĭ1.05 Ĭ1.21 
Ga Ĭ0.53 3 Ĭ0.15 Ĭ0.05 Ĭ0.11 Ĭ0.44 
In Ĭ0.34 3 Ĭ0.47 Ĭ0.32 Ĭ0.42 Ĭ0.53 
Tl Ĭ0.34 1 Ĭ0.10 0.28 0.16 Ĭ0.26 

Sn Ĭ0.13 2 0.44 0.62 0.50 0.28 
Pb Ĭ0.126 2 0.51 0.70 0.59 0.41 

As ȸ.Ⱥ.      
Sb ȸ.Ⱥ.      
Bi 0.308 3 0.93 1.07 0.98 0.86 

Te Ĭ0.9 2 0.13 0.26 0.22 Ĭ0.29 
Po ȸ.Ⱥ.      

ȸ.Ⱥ. ð ȸȰȷȫ ȺȹȯȫȽȫȵȫ Ȳȫ ȯȫȽȳ ȻȰȯȹȵȼ ȺȫȻ 
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Ȝȶȳȵȫ 22. ȚȻȹȼȰɂȸȳ ȰȶȰȵȽȻȹȯȸȳ ȺȹȽȰȸɁȳɒȫȶȳ Ȳȫ ȻȫȼȽȭȫȻȫɔȰ ȷȰȽȫȶȫ ȫȯȼȹȻȬȹȭȫȸȳɀ ȸȫ ȭȫȵȫȸɁȳɒȳ 
ȮȻȫȿȰȸȫ. ȌȻȹɒȰȭȳ ȺȹȻȰȯ ȼȳȷȬȹȶȫ ȹȲȸȫɂȫȭȫɒȾ ȮȻȾȺȾ ȚȜȐ. ȚȻȹȼȰɂȸȳ ȰȶȰȵȽȻȹȯȸȳ ȺȹȽȰȸɁȳɒȫȶ 
ȯȹȬȳɒȰȸ ɒȰ ȵȹȻȳɃɕȰɔȰȷ ɂȰȽȳȻȳ ȻȫɂȾȸȫȻȼȵȰ ɃȰȷȰ, ȯȹȵ ɒȰ ȭȫȻȳɒȫɁȳɒȫ ȳȲȷȰɌȾ ȵȹȻȳɃɕȰȸȳɀ ȷȰȽȹȯȫ 
ȺȻȳȵȫȲȫȸȫ ȵȫȹ ȮȻȰɃȵȫ ȸȫ y-ȹȼȳ. ȝȻȰȬȫ ȳȷȫȽȳ Ⱦ ȭȳȯȾ ȯȫ ȺȹȯȫɁȳ ȹ ȰȶȰȵȽȻȹȯȸȳȷ ȺȹȽȰȸɁȳɒȫȶȳȷȫ 
ȻȫȲȷȫȽȻȫȸȳɀ ȷȰȽȫȶȫ ȸȳȼȾ ȺȹȭȰȲȫȸȳ ȼȫ pH ȼȵȫȶȹȷ. ȜȳȭȰ ɀȹȻȳȲȹȸȽȫȶȸȰ ȶȳȸȳɒȰ ȺȹȵȫȲȾɒȾ ȰȶȰȵȽȻȹȯȸȰ 
ȺȹȽȰȸɁȳɒȫȶȰ Ȳȫ ɂȳȼȽȰ ȷȰȽȫȶȸȰ ȿȫȲȰ ȸȫȭȰȯȰȸȳɀ ȰȶȰȷȰȸȫȽȫ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [118], © RCS (2018). 
 

șȭȳ ȻȰȲȾȶȽȫȽȳ ȷȹȮȾ ȼȰ ȵȹȻȳȼȽȳȽȳ Ȳȫ ȬȻȲ ȹȯȫȬȳȻ ȷȹȮȾɕȳɀ ȵȫȸȯȳȯȫȽȫ Ȳȫ ȰȶȰȵȽȻȹȯȸȳ 
ȷȫȽȰȻȳɒȫȶ Ȳȫ ȸȰȵȾ (ȰȶȰȵȽȻȹ)ȵȫȽȫȶȳȽȳɂȵȾ ȻȰȫȵɁȳɒȾ, Ⱥȹȯ ȹȯȻȰɌȰȸȳȷ Ⱦȼȶȹȭȳȷȫ. Șȫ ȺȻȳȷȰȻ, ȕȫȾȵȹȸȰȸ 
ȳ ȼȫȻȫȯȸȳɁȳ ȺȻȰȯȶȹȱȳȶȳ ȼȾ Sn@VG ȵȫȹ ȷȹȮȾɕȳ ȵȫȽȫȶȳȲȫȽȹȻ Ȳȫ ȻȰȫȵɁȳɒȾ ȻȰȯȾȵɁȳɒȰ ȵȳȼȰȹȸȳȵȫ 
[122]. ȗȰɌȾȽȳȷ, ȺȹȽȰȸɁȳɒȫȶ ȻȫȼȽȭȫȻȫɔȫ Sn@VG ɒȰ ȹȵȹ 0.5 V ȳ ȹȸ ȸȰɕȰ ȬȳȽȳ ȼȽȫȬȳȶȫȸ Ⱦ ȵȳȼȰȶȹɒ 
ȼȻȰȯȳȸȳ ȸȫ ȺȹȽȰȸɁȳɒȫȶȳȷȫ ȮȯȰ ȼȰ ȹȯȭȳɒȫ ORR. ȗȰɌȾȽȳȷ, ȹȸ ɒȰ ȼȽȫȬȳȶȫȸ Ⱥȹȯ ȭȰȹȷȫ ȫȶȵȫȶȸȳȷ 
Ⱦȼȶȹȭȳȷȫ ȸȫ ȺȹȽȰȸɁȳɒȫȶȳȷȫ ORR. ȋȵȹ ȼȾ Ⱦ ȻȫȼȽȭȹȻȾ ȺȻȳȼȾȽȸȰ ȸȰȵȰ ȯȻȾȮȰ ɀȰȷȳɒȼȵȰ ȭȻȼȽȰ ȵȹɒȰ ȷȹȮȾ 
ȺȹȬȹɓɃȫȽȳ ȻȫȼȽȭȫȻȫɔȰ, ȵȫȹ ɃȽȹ ȼȾ ɀȶȹȻȳȯ ȳȶȳ ȸȰȵȳ ȯȻȾȮȳ ȵȹȷȺȶȰȵȼȳȻȫɒȾɕȳ ȫȮȰȸȼȳ, Ƚȹ ȼȰ ȽȫȵȹɌȰ 
ȷȹȱȰ ȾȲȰȽȳ Ⱦ ȹȬȲȳȻ ȺȻȳȷȰȸȹȷ ȘȰȻȸȼȽȹȭȰ ɒȰȯȸȫɂȳȸȰ. Ȟ Ƚȹȷ ȼȶȾɂȫɒȾ ɒȰ ȽȫȵȹɌȰ ȷȹȮȾɕȰ ȺȻȹɁȰȸȳȽȳ 
ȺȹȽȰȸɁȳɒȫȶȰ ȻȫȼȽȭȫȻȫɔȫ ȵȹȻȳȼȽȰɕȳ ȳȲȻȫɂȾȸȫȽȰ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ȭȫȵȫȸɁȳɒȳ. 

 

4.4. ȒȫȵɓȾɂȫȵ 

ȋȸȫȶȳȲȳȻȫȸȫ ɒȰ ȫȯȼȹȻȺɁȳɒȫ ȼȭȳɀ ȰȶȰȷȰȸȫȽȫ ȚȜȐ ȯȹ ȫȽȹȷȼȵȹȮ ȬȻȹɒȫ 86 (ȹȼȳȷ ȶȫȸȽȫȸȹȳȯa) 

ȸȫ ȷȹȸȹȭȫȵȫȸɁȳɒȳ Ⱦ ȮȻȫȿȰȸȾ. ȞȽȭȻɌȰȸȹ ɒȰ ȯȫ ȭȰɕȳȸȫ ȰȶȰȷȰȸȫȽȫ ɒȫȵȹ ȳȸȽȰȻȫȮȾɒȰ ȼȫ ȭȫȵȫȸɁȳɒȹȷ. 

țȰȶȫȽȳȭȸȹ ȼȶȫȬȰ ȳȸȽȰȻȫȵɁȳɒȰ ȺȻȳȷȰɕȾɒȾ ȼȰ ȼȫȷȹ Ȳȫ ȰȶȰȷȰȸȽȰ ȳȲ ȮȻȾȺȫ 11 (Cu, Ag ȳ Au), 12 (Zn, Cd 

ȳ Hg) ȳ 18 (ȺȶȰȷȰȸȳȽȳ Ȯȫȼȹȭȳ). ȞȽȭȻɌȰȸȫ ɒȰ ȺȹȭȰȲȫȸȹȼȽ ȳȲȷȰɌȾ ȵȹɀȰȲȳȹȸȳɀ ȰȸȰȻȮȳɒȫ ȰȶȰȷȰȸȫȽȫ Ⱦ 

ɔȳɀȹȭȳȷ ɂȳȼȽȳȷ ȿȫȲȫȷȫ ȳ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȸȫ ȷȰȼȽȾ ȭȫȵȫȸɁȳɒȰ. ȗȰȽȫȶȸȳ ȫȽȹȷȳ ȫȯȼȹȻȬȹȭȫȸȳ 

ȸȫ ȭȫȵȫȸɁȳɒȳ ȼȾ ȹȬȳɂȸȹ ȷȫɔȰ Ⱥȹȯȶȹȱȸȳ ȻȫȼȽȭȫȻȫɔȾ Ⱦ ȹȯȸȹȼȾ ȸȫ ɔȳɀȹȭȰ ȹȯȮȹȭȫȻȫɒȾɕȰ ɂȳȼȽȰ 

ȷȰȽȫȶȸȰ ȿȫȲȰ. ȚȻȳȵȫȲȫȸȳ ȻȰȲȾȶȽȫȽȳ ȺȻȾȱȫɒȾ ȼȭȰȹȬȾɀȭȫȽȫȸ ȺȻȰȮȶȰȯ ȻȰȫȵȽȳȭȸȹȼȽȳ ȷȹȸȹȭȫȵȫȸɁȳɒȰ Ⱦ 

ȮȻȫȿȰȸȾ ȳ ȼȽȫȬȳȶȸȹȼȽȳ ȫȯȼȹȻȬȹȭȫȸȳɀ ɀȰȽȰȻȹȫȽȹȷȫ, ɃȽȹ ȷȹȱȰ ȬȳȽȳ ȵȹȻȳȼȸȹ Ȳȫ ȯȳȲȫɒȸȳȻȫɔȰ 

ȸȫȺȻȰȯȸȳɀ ȷȫȽȰȻȳɒȫȶȫ ȸȫ ȬȫȲȳ ȮȻȫȿȰȸȫ Ȳȫ ȻȫȲȶȳɂȳȽȰ ȺȻȳȷȰȸȰ. 
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5. ȋȸȫȶȳȲȫ ȵȫȽȫȶȳȲȫȽȹȻa ȸȫ ȸȳȭȹȾ ȺȹɒȰȯȳȸȫɂȸȹȮ ȫȽȹȷȫ ȸȫ 

ȮȻȫȿȰȸȾ - SAC 

5.1. Ȟȭȹȯȸȹ ȻȫȲȷȫȽȻȫɔȰ 

Ȟ ȺȻȰȽɀȹȯȸȳȷ ȺȹȮȶȫȭɓȳȷȫ ɒȰ Ȭȳȶȹ ȻȰɂȳ ȹ ȺȻȹȬȶȰȷȳȷȫ ȼȫ ȺȻȹȳȲȭȹȯɔȹȷ ȳ ȼȵȶȫȯȳɃȽȰɔȰȷ 

ȰȸȰȻȮȳɒȰ ȼȫ ȵȹɒȳȷȫ ȼȰ ȼȾȹɂȫȭȫ ȼȫȭȻȰȷȰȸȹ ȯȻȾɃȽȭȹ, ȸȫȻȹɂȳȽȹ ȵȫȯȫ ȼȾ Ⱦ ȺȳȽȫɔȾ ȹȬȸȹȭɓȳȭȳ ȳȲȭȹȻȳ. 

ȍȰȶȳȵȳ ȬȻȹɒ ȻȰɃȰɔȫ ȹȭȳɀ ȺȻȹȬȶȰȷȫ ȼȰ Ⱦ ȸȰȵȹȷ ȼȽȾȺɔȾ ȹȼȶȫɔȫ ȸȫ ȵȫȽȫȶȳȲȾ ȳ ȵȫȽȫȶȳȲȫȽȹȻȰ, ȳȶȳ Ⱦ 

ȵȹȸȵȻȰȽȸȳȷ ȼȶȾɂȫɒȰȭȳȷȫ ȰȶȰȵȽȻȹȵȫȽȫȶȳȲȫȽȹȻȰ, ȵȹɒȳ ȼȾ ȸȫɒɂȰɃɕȰ ȷȫȽȰȻȳɒȫȶȳ Ⱦ ɂȳɒȰȷ ȼȫȼȽȫȭȾ ȼȰ 

ȸȫȶȫȲȰ ȰȶȰȷȰȸȽȳ ȺȶȫȽȳȸȼȵȰ ȮȻȾȺȰ [123]. ȍȳȼȹȵȰ ɁȰȸȰ ȳ ȷȫȶȫ ȯȹȼȽȾȺȸȹȼȽ ȹȭȳɀ ȷȰȽȫȶȫ Ⱦ ȒȰȷɓȳȸȹɒ 

ȵȹȻȳ ȯȻȫȼȽȳɂȸȹ ȼȷȫɔȾɒȰ ȷȹȮȾɕȸȹȼȽ ɔȳɀȹȭȰ ȺȻȳȷȰȸȰ ȸȫ ȭȰȶȳȵȹɒ ȼȵȫȶȳ. Șȹȭȳ ȷȫȽȰȻȳɒȫȶȳ Ȳȫ 

ȰȶȰȵȽȻȹȵȫȽȫȶȳȲȫȽȹȻȰ ȼȰ ȼȽȹȮȫ ȷȹȻȫɒȾ ȺȻȫȭȳȽȳ ȳȶȳ ȬȰȲ ȷȰȽȫȶȫ ȺȶȫȽȳȸȼȵȰ ȮȻȾȺȰ, ȳȶȳ ȼȫ ȷȸȹȮȹ 

ȷȫɔȳȷ ȾȯȰȶȹȷ ȹȭȳɀ ȷȰȽȫȶȫ Ⱦ ȼȭȹȷ ȼȫȼȽȫȭȾ. ȋȵȹ Ȭȳ ȼȰ ȵȻȰȸȾȶȹ ȺȻȳȼȽȾȺȹȷ ȼȷȫɔȰɔȫ ȾȯȰȶȫ, ȺȻȭȳ 

ȵȹȻȫȵ Ȭȳ Ȭȳȹ ȼȷȫɔȳȭȫɔȰ ȲȫȺȻȰȷȳȸȰ ȷȰȽȫȶȫ ȾȲ ȹȯȻȱȫȭȫɔȰ ȳȶȳ ɂȫȵ ȺȹȭȰɕȫȭȫɔȰ ȬȻȹɒȫ ȫȵȽȳȭȸȳɀ 

ȷȰȼȽȫ ȸȫ ȺȹȭȻɃȳȸȳ. ȗȰɌȾȽȳȷ, ɂȫȵ ȳ ȵȫȯȫ ȼȰ ȷȫȽȰȻȳɒȫȶ ȸȫȶȫȲȳ Ⱦ ȹȬȶȳȵȾ ȸȫȸȹɂȰȼȽȳɁȫȷȫ, ɔȰȮȹȭ 

ȸȫɒȭȰɕȳ ȯȰȹ ȸȫȶȫȲȳ ȼȰ Ⱦ ȾȸȾȽȻȫɃɔȹȼȽȳ ɂȰȼȽȳɁȰ, Ƚȫȵȹ ȯȫ ȸȰ ȾɂȰȼȽȭȾɒȰ Ⱦ ȵȫȽȫȶȳȽȳɂȵȹȷ ȺȻȹɁȰȼȾ ȸȫ 

ȺȹȭȻɃȳȸȳ, ɂȳȷȰ ȼȰ ȼȷȫɔȾɒȰ ȼȽȰȺȰȸ ȳȼȵȹȻȳɃɕȰɔȫ ȷȫȽȰȻȳɒȫȶȫ. țȫɁȳȹȸȫȶȸȳȷ ȯȳȲȫɒȸȹȷ ȯȹɃȶȹ ȼȰ 

ȯȹ ȸȫɂȳȸȫ Ȳȫ ȯȹȯȫȽȸȹ ȼȷȫɔȰɔȰ ȾȯȰȶȫ ȷȰȽȫȶȫ ȺȶȫȽȳȸȼȵȰ ȮȻȾȺȰ. ȘȰȵȳ ȹȯ ȺȻȳȼȽȾȺȫ ȼȾ ȸȫȸȹɂȰȼȽȳɁȰ 

ȵȹɒȳȷȫ ȼȰ ȾȸȾȽȻȫɃɔȹȼȽ ȼȫȼȽȹɒȳ ȹȯ ȶȫȵȹ ȯȹȼȽȾȺȸȹȮ ȳ ȳȸȰȻȽȸȹȮ ȸȹȼȫɂȫ, ȹȬȶȹȱȰȸȹȮ ɓȾȼȵȹȷ 

ȫȵȽȳȭȸȹȮ ȷȫȽȰȻȳɒȫȶȫ [124], ȳȶȳ Ƚȫȸȵȳ ȿȳȶȷȹȭȳ ȵȫȽȫȶȳȽȳɂȵȳ ȫȵȽȳȭȸȹȮ ȷȫȽȰȻȳɒȫȶȫ ȸȫȸȰȽȳ ȸȫ 

ȳȸȰȻȽȸȰ ȸȹȼȫɂȰ [125].  

ȕȻȫɒɔȳ ȼȽȰȺȰȸ ȳȼȵȹȻȳɃɕȰɔȫ ȫȵȽȳȭȸȹȮ ȷȫȽȰȻȳɒȫȶȫ ȺȻȰȯȼȽȫȭɓȫɒȾ ȵȫȽȫȶȳȲȫȽȹȻȳ ȸȫ ȸȳȭȹȾ 

ȺȹɒȰȯȳȸȫɂȸȳɀ ȫȽȹȷȫ. SAC ȼȳȼȽȰȷȳ ȯȳȲȫɒȸȳȻȫȸȳ ȼȾ Ƚȫȵȹ ȯȫ ȼȭȫȵȳ ȫȽȹȷ ȸȫ ȺȹȭȻɃȳȸȳ ȳȷȫ 

ȵȫȽȫȶȳȽȳɂȵȾ ȿȾȸȵɁȳɒȾ [126,127]. Șȹȼȫɂȳ ȸȫ ȵȹɒȳȷȫ ȼȰ ȸȫȶȫȲȰ ȹȭȳ ȫȽȹȷȳ ȳȷȫɒȾ ȵɓȾɂȸȳ Ȳȸȫɂȫɒ, 

ȬȾȯȾɕȳ ȯȫ ȼȭȫȵȳ ȫȽȹȷ ȳȸȽȰȻȫȮȾɒȰ ȼȫ ȺȹȯȶȹȮȹȷ [128,129]. ȒȬȹȮ ȹȭȰ ȷȰɌȾȼȹȬȸȰ ȳȸȽȰȻȫȵɁȳɒȰ, ȳȼȽȳ 

ȷȰȽȫȶȸȳ ȫȽȹȷȳ ȼȰ ȷȹȮȾ ȺȹȸȫɃȫȽȳ ȺȹȽȺȾȸȹ ȯȻȾȮȫɂȳɒȰ ȸȫ ȯȻȾȮȹɒ ȺȹȯȶȹȲȳ. șȭȹ ȼȭȹɒȼȽȭȹ ȼȫ ɒȰȯȸȰ 

ȼȽȻȫȸȰ ȺȻȰȯȼȽȫȭɓȫ ȳȲȫȲȹȭ Ȳȫ ȻȫȲȾȷȰȭȫɔȰ ȳ ȻȫȲȭȹɒ ȸȹȭȳɀ SAC ȼȳȼȽȰȷȫ, ȫȶȳ ȼȫ ȯȻȾȮȰ ȼȽȻȫȸȰ ȺȻȾȱȫ 

ȹȮȻȹȷȫȸ ȿȫȲȸȳ ȺȻȹȼȽȹȻ ȷȹȮȾɕȳɀ ȷȫȽȰȻȳɒȫȶȫ. 

ȏȹ ȼȫȯȫ ɒȰ ȻȫȲȭȳɒȰȸȹ ȷȸȹɃȽȭȹ ȻȫȲȶȳɂȳȽȳɀ SAC ȼȳȼȽȰȷȫ Ȳȫ ȺȻȳȷȰȸȰ Ⱦ 

(ȰȶȰȵȽȻȹ)ȵȫȽȫȶȳȽȳɂȵȳȷ ȺȻȹɁȰȼȳȷȫ. ȘȰȵȳ ȹȯ ɔȳɀ ȵȹȻȳȼȽȰ ȾȮɓȰȸȳɂȸȰ ȷȫȽȰȻȳɒȫȶȰ ȳȶȳ ȷȰȽȫȶȸȰ 

ȹȵȼȳȯȰ ȵȫȹ ȺȹȯȶȹȮȾ [130ð132], ȯȹȵ ȼȰ Ⱦ ȸȰȵȳȷ ȵȫȹ ȺȹȯȶȹȮȫ ȵȹȻȳȼȽȳ ȳȸȰȻȽȸȳ ȷȰȽȫȶ [133], Ⱥȫ ȼȰ 

ȷȹȮȾ ȼȷȫȽȻȫȽȳ ȶȰȮȾȻȫȷȫ ȺȹɒȰȯȳȸȫɂȸȳɀ ȷȰȽȫȶȸȳɀ ȫȽȹȷȫ ȳ ȷȰȽȫȶȸȰ ȺȹȯȶȹȮȰ (ȰȸȮȶ. Single Atom Alloy 

Catalysts, SAAC). ȚȻȳȷȰȸȰ SAC ȼȳȼȽȰȷȫ ȹȺȳȼȫȸȰ ȼȾ Ⱦ ȷȸȹȮȳȷ ȺȻȰȮȶȰȯȸȳȷ Ȼȫȯȹȭȳȷȫ, ȵȫȹ ɃȽȹ ȼȾ 

ȺȻȳȷȰȸȰ Ⱦ ȹȻȮȫȸȼȵȹɒ ɀȰȷȳɒȳ [134], ɀȰȽȰȻȹȮȰȸȹɒ ȵȫȽȫȶȳȲȳ ȳ ȲȰȶȰȸȹɒ ȼȳȸȽȰȲȳ  [135], 

ȰȶȰȵȽȻȹɀȰȷȳɒȼȵȹɒ ȻȰȯȾȵɁȳɒȳ CO2 [136], ȳȶȳ ȻȰȫȵɁȳɒȳ ȳȲȯȭȫɒȫɔȫ ȭȹȯȹȸȳȵȫ [137]. 

Ȟ ȷȸȹȮȹȬȻȹɒȸȳȷ ȳȼȽȻȫȱȳȭȫɔȳȷȫ SAC ȼȳȼȽȰȷȫ ȼȾ ȵȹȻȳɃɕȰȸȳ ȼȾ ȽȰȹȻȳɒȼȵȳ ȺȻȳȼȽȾȺȳ, 

ȸȫɒɂȰɃɕȰ Ⱦ ȹȵȭȳȻȾ DFT. SAC ȼȳȼȽȰȷȳ ȺȻȰȯȼȽȫȭɓȫɒȾ ȼȫȭȻɃȰȸȰ ȼȶȾɂȫɒȰȭȰ Ȳȫ ȷȹȯȰȶȹȭȫɔȰ ȳ 

ȳȼȺȳȽȳȭȫɔȰ, ȬȾȯȾɕȳ ȯȫ ȺȹȼȽȫȭɓȰȸȳ ȷȹȯȰȶȳ, Ȳȫ ȻȫȲȶȳȵȾ ȹȯ ȸȫȸȹɂȰȼȽȳɁȫ, ȷȹȮȾ ȬȳȽȳ ȷȸȹȮȹ Ȭȶȳȱȳ 

ȻȰȫȶȸȳȷ ȼȶȾɂȫɒȰȭȳȷȫ ȳ ȲȫɀȽȰȭȫȽȳ ȷȫɔȰ ȫȺȻȹȵȼȳȷȫɁȳɒȫ. șȭȹ ȹȷȹȮȾɕȫȭȫ ȺȹȯȻȹȬȸȹ ȳȼȺȳȽȳȭȫɔȰ 

ȼȽȻȾȵȽȾȻȰ ȳ ȰȶȰȵȽȻȹȸȼȵȳɀ ȼȭȹɒȼȽȫȭȫ, ȺȻȹȸȫȶȫȱȰɔȰ ȸȫɂȳȸȫ Ȳȫ ɔȳɀȹȭȾ ȹȺȽȳȷȳȲȫɁȳɒȾ Ȳȫ ȵȹȸȵȻȰȽȸȰ 

ȻȰȫȵɁȳɒȰ, ȳ ȳȼȺȳȽȳȭȫɔȰ ȹȺɃȽȳɀ ȽȻȰȸȯȹȭȫ ȳȼȺȳȽȳȭȫɔȰȷ ȭȰȶȳȵȹȮ ȬȻȹɒȫ ȼȳȼȽȰȷȫ [138]. 
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5.2. țȫɂȾȸȼȵȳ ȯȰȽȫɓȳ 

ȋȯȼȹȻȺɁȳɒȫ ȺȹɒȰȯȳȸȫɂȸȹȮ ȫȽȹȷȫ 9 ȺȻȰȶȫȲȸȳɀ ȷȰȽȫȶȫ (Au, Ag, Cu, Ir, Ni, Pd, Pt, Rh, Ru) 
ȳȼȺȳȽȫȸȫ ɒȰ ȸȫ (ȷȹȯȳȿȳȵȹȭȫȸȳȷ) ȮȻȫȿȰȸȼȵȳȷ ȺȹȭȻɃȳȸȫȷȫ Ⱦ 4ĭ4 ȼȾȺȰȻɕȰȶȳɒȳ (32 ȫȽȹȷȫ). 
țȫȲȷȫȽȻȫȸȳ ȼȾ ɂȳȼȽȳ ȮȻȫȿȰȸ (PG), ȮȻȫȿȰȸ ȼȫ ȷȹȸȹȭȫȵȫȸɁȳɒȹȷ (VG), ȮȻȫȿȰȸ ȯȹȺȳȻȫȸ ȬȹȻȹȷ 
(BDG) ȳ ȮȻȫȿȰȸ ȯȹȺȳȻȫȸ ȫȲȹȽȹȷ (NDG) (Ȝȶȳȵȫ 23ȫ). ȏȹȺȳȻȫɔȰ ɒȰ ȳȲȭȻɃȰȸȹ ȼȾȺȼȽȳȽȾɁȳɒȹȷ, 
Ƚȫȵȹ ȯȫ ȯȹȺȳȻȫȸȫ ȼȽȻȾȵȽȾȻȫ ȳȷȫ ȿȹȻȷȾȶȾ C31X, ȮȯȰ ɒȰ X ȬȹȻ ȳȶȳ ȫȲȹȽ. țȰȫȵȽȳȭȸȹȼȽ ȷȹȯȰȶȫ SAC 
ȳȼȺȳȽȳȭȫȸȫ ɒȰ ȵȹȻȳɃɕȰɔȰȷ ȫȽȹȷȼȵȳɀ (H, C, N, O ȳ S) ȳ ȷȹȶȰȵȾȶȼȵȳɀ ȫȯȼȹȻȬȫȽȫ (AHx, ȮȯȰ ɒȰ A = 
C, N, O ȳ S, ȯȹȵ ɒȰ x = 1, 2, 3 ȳȶȳ 4, Ⱦ ȲȫȭȳȼȸȹȼȽȳ ȹȯ A). 

ȚȻȹȻȫɂȾȸȳ ȼȾ ȳȲȭȻɃȰȸȳ ȵȹȻȳȼȽȰɕȳ DFT Ⱦ ȹȵȭȳȻȾ ȮȰȸȰȻȫȶȳȲȹȭȫȸȰ ȮȻȫȯȳɒȰȸȽȸȰ 
ȫȺȻȹȵȼȳȷȫɁȳɒȰ Ⱦ PBE ȺȫȻȫȷȰȽȻȳȲȫɁȳɒȳ [75] Ⱦ Quantum ESPRESSO ȺȫȵȰȽȾ (QE) [102], ȵȹȻȳȼȽȰɕȳ 
ȾȶȽȻȫȷȰȵe ȺȼȰȾȯȹȺȹȽȰȸɁȳɒȫȶȰ. ȚȰȻȳȹȯȳɂȸȰ ȮȻȫȿȰȸȼȵȰ Ȼȫȭȸȳ ȻȫȲȯȭȹɒȰȸȰ ȼȾ ȼȫ 15 ¡ ȭȫȵȾȾȷȫ. Ȓȫ 
ȬȫȲȸȳ ȼȰȽ ȵȹȻȳɃɕȰȸȳ ȼȾ Ȼȫȭȸȳ Ƚȫȶȫȼȳ ȷȫȵȼȳȷȫȶȸȰ ȵȳȸȰȽȳɂȵȰ ȰȸȰȻȮȳɒȰ ȹȯ 490 eV, ȯȹȵ ɒȰ ȭȻȰȯȸȹȼȽ 
ȰȸȰȻȮȳɒȰ Ȳȫ ȮȾȼȽȳȸȾ ȸȫȰȶȰȵȽȻȳȼȫɔȫ Ȭȳȶȫ 16 ȺȾȽȫ ȭȰɕȫ. ȜȺȳȸȼȵȫ ȺȹȶȫȻȳȲȫɁȳɒȫ ɒȰ ȾȵɓȾɂȰȸȫ Ȳȫ ȼȭȰ 
ȳȼȽȻȫȱȳȭȫȸȰ ȼȳȼȽȰȷȰ. ȏȹȺȻȳȸȹȼ ȯȳȼȺȰȻȲȳȹȸȳɀ ȳȸȽȰȻȫȵɁȳɒȫ ȳȼȽȻȫȱȰȸ ɒȰ ȵȹȻȳɃɕȰɔȰȷ DFT+D2 
ɃȰȷȰ Ⱥȹ ȎȻȳȷȰȾ [95], ȸȫ ȸȫɂȳȸ ȵȹɒȳ ɒȰ ȳȷȺȶȰȷȰȸȽȳȻȫȸ Ⱦ QE. Ȓȫ ȹȯȻȰɌȰȸȰ ȼȳȼȽȰȷȰ, ȺȻȹȻȫɂȾȸȳ ȼȾ 
ȽȫȵȹɌȰ ȻȫɌȰȸȳ ȬȰȲ D2 ȵȹȻȰȵɁȳɒȰ. Ȓȫ ȼȽȻȾȵȽȾȻȸȾ ȹȺȽȳȷȳȲȫɁȳɒȾ ȵȹȻȳɃɕȰȸ ɒȰ Monkhorst-Pack ǂ-
ɁȰȸȽȻȳȻȫȸ 4ĭ4ĭ1 ȼȰȽ k-Ƚȫɂȫȵȫ. ȚȻȹȻȫɂȾȸȳ DOS-ȫ ȼȾ ȻȫɌȰȸȳ ȵȹȻȳɃɕȰɔȰȷ ȮȾɃɕȰ 20ĭ20ĭ1 
ȷȻȰȱȰ. 

 

 

 
Ȝȶȳȵȫ 23. (a) ȢȳȼȽ, ȷȹȸȹȭȫȵȫȸȽȸȳ ȳ ȯȹȺȳȻȫȸȳ ȷȹȯȰȶ ȮȻȫȿȰȸȫ, X ȹȲȸȫɂȫȭȫ ȷȰȼȽȹ ȯȹȺȫȸȽȫ (B ȳȶȳ 
N). ȏȹȶȰ ð ȣȰȷȫ ȳȷȰȸȹȭȫɔȫ ȫȯȼȹȻȺɁȳȹȸȳɀ ȷȰȼȽȫ ȸȫ ɂȳȼȽȹȷ (Ȭ) ȳ ȷȹȯȳȿȳȵȹȭȫȸȹȷ ȮȻȫȿȰȸȾ (ȭ). 
ȍȰȶȳȵȫ ȼȶȹȭȫ ȼȾ ȵȹȻȳɃɕȰȸȫ Ȳȫ ȹȬȰȶȰȱȫȭȫɔȰ 3 ȻȫȲȶȳɂȳȽȫ ȷȰȼȽȫ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ ȵȫȵȹ Ȭȳ ȼȰ 
ȳȲȬȰȮȶȫ ȲȫȬȾȸȫ ȼȫ ȹȲȸȫȵȫȷȫ ȸȫ ȮȻȫȿȰȸȾ ȼȫ ȯȰȿȰȵȽȹȷ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © John Wiley and 
Sons (2021). 
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ȕȫȹ Ⱦ ȺȻȰȽɀȹȯȸȳȷ ȼȳȼȽȰȷȳȷȫ, ȻȫȲȷȫȽȻȫȸȫ ȼȾ ȽȻȳ ȫȯȼȹȻȺɁȳȹȸȫ ȷȰȼȽȫ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ: 
ăTò, ăBò ȳ ăHò (Ȝȶȳȵȫ 23Ȭ). ȞȭȹɌȰɔȰȷ ȭȫȵȫȸɁȳɒȰ ȳȶȳ ȯȹȺȫȸȽȫ ȼȳȷȰȽȻȳɒȫ ȼȾȺȰȻɕȰȶȳɒȰ ȼȰ ȼȷȫɔȾɒȰ, 
ɃȽȹ Ⱦ ȹȭȹȷ ȼȶȾɂȫɒȾ ȻȰȲȾȶȽȳȻȫ ȼȫ 25 ȸȰɒȰȯȸȫȵȳɀ ȫȯȼȹȻȺɁȳȹȸȳɀ ȷȰȼȽȫ, ȹȬȰȶȰȱȰȸȳȷ ȼȶȹȭȳȷȫ 
ȫȬȰɁȰȯȰ ȹȯ ăaò ȯȹ ăyò (Ȝȶȳȵȫ 23ȭ). șȭȫ ȷȰȼȽȫ ȼȾ ȺȹȽȹȷ ȯȹȯȰɓȰȸȫ ȼȭȳȷ ăTò, ăBò ȳ ăHò ȷȰȼȽȳȷȫ 
ȾȸȾȽȫȻ ȼȾȺȰȻɕȰȶȳɒȰ ȵȹȻȳȼȽȰɕȳ ɒȰȯȸȹȼȽȫȭȸȰ ȼȳȷȰȽȻȳɒȼȵȰ ȹȺȰȻȫɁȳɒȰ. ȌȹȻ ȳ ȫȲȹȽ ȼȾ ȹȯȫȬȻȫȸȳ Ȳȫ 
ȯȹȺȳȻȫɔȰ ɒȰȻ ȳȲȫȲȳȭȫɒȾ ȷȳȸȳȷȫȶȸȰ ȼȽȻȾȵȽȾȻȸȰ ȺȻȹȷȰȸȰ Ƚȹȵȹȷ ȼȾȺȼȽȳȽȾɁȳȹȸȫȶȸȹȮ ȯȹȺȳȻȫɔȫ, 
ȹȼȽȫɒȾɕȳ Ⱦ ȮȻȫȿȰȸȼȵȹɒ Ȼȫȭȸȳ. 

ȎȻȫȿȰȸȼȵȫ ȻȰɃȰȽȵȫ ɒȰ ȺȹȽȺȾȸȹ ȹȺȽȳȷȳȲȹȭȫȸȫ ȼȫ ȯȫȽȳȷ ȺȫȻȫȷȰȽȻȳȷȫ ȺȻȹȻȫɂȾȸȫ. ȏȾȱȳȸȫ 

CðC ȭȰȲȰ ȳȲȸȹȼȳ 1.42 ᴠ, ȯȹȵ ɒȰ ȭȻȰȯȸȹȼȽ ȵȹɀȰȲȳȹȸȰ ȰȸȰȻȮȳɒȰ Ĭ7.84 eV, ɃȽȹ ɒȰ ȼȶȳɂȸȹ ȺȻȰȽɀȹȯȸȳȷ 
ȻȫɂȾȸȳȷȫ. ȐȸȰȻȮȳɒȫ ȿȹȻȷȳȻȫɔȫ ȭȫȵȫȸɁȳɒȰ ȳȲȻȫɂȾȸȫȽȫ ɒȰ ȵȫȹ Ⱦ ȄȰȯȸ. 17. ȓȲȻȫɂȾȸȫȽȫ ȭȻȰȯȸȹȼȽ ȹȯ 
7.76 ȰV je Ⱦ ȼȵȶȫȯȾ ȼȫ ȺȻȰȽɀȹȯȸȳȷ ȭȻȰȯȸȹȼȽȳȷȫ. 

ȏȹȺȳȻȫɔȰ ȬȹȻȹȷ ȳ ȫȲȹȽȹȷ ɒȰ ȳȲȭȻɃȰȸȹ ȼȾȺȼȽȳȽȾɁȳȹȸȹ, ȸȫ ȷȰȼȽȾ ȭȫȵȫȸɁȳɒȰ, ȳ ȰȸȰȻȮȳɒȫ 
ȭȰȲȳȭȫɔȫ ȯȹȺȫȸȽȫ ȳȲȻȫɂȾȸȫȽȫ ɒȰ ȸȫ ȼȶȰȯȰɕȳ ȸȫɂȳȸ: 

ὉdopὉ
V+X ὉvacὉX (21) 

 

ȮȯȰ ȼȾ ὉV+X, Ὁvac ȳ ὉX ȰȸȰȻȮȳɒȰ ȹȼȸȹȭȸȹȮ ȼȽȫɔȫ ȯȹȺȳȻȫȸȹȮ ȮȻȫȿȰȸȫ, ȮȻȫȿȰȸȫ ȼȫ ȭȫȵȫȸɁȳɒȹȷ, ȳ 
ȺȹɒȰȯȳȸȫɂȸȹȮ ȫȽȹȷȫ, ȻȰȯȹȷ. ȐȸȰȻȮȳɒȰ ȭȰȲȳȭȫɔȫ ȯȹȺȫȸȫȽȫ ȳȲȸȹȼȰ Ĭ13.15 eV Ȳȫ B-ȯȹȺȳȻȫȸ ȮȻȫȿȰȸ 
ȳ Ĭ11.74 eV Ȳȫ N-ȯȹȺȳȻȫȸ ȮȻȫȿȰȸ, ɃȽȹ ɒȰ Ⱦ ȼȵȶȫȯȾ ȼȫ ȻȰȲȾȶȽȫȽȳȷȫ ȳȲ ȺȹȮȶȫȭɓȫ 4 (ȝȫȬȰȶȫ 9). 
ȗȫȮȸȰȽȸȹ ȺȹȸȫɃȫɔȰ ɒȰ ȺȻȳȷȰɕȰȸȹ ȼȫȷȹ Ⱦ ȼȶȾɂȫɒȾ VG, ȮȯȰ ȼȫȷȫ ȭȫȵȫȸɁȳɒȫ ȯȫɒȰ ȾȵȾȺȸȳ ȷȫȮȸȰȽȸȳ 
ȷȹȷȰȸȫȽ ȹȯ 1.74 ǪB. 

ȓȼȺȳȽȫȸȫ ɒȰ ȫȯȼȹȻȺɁȳɒȫ ȷȰȽȫȶȸȳɀ ȫȽȹȷȫ ȸȫ ȼȭȫȵȹȷ ȹȯ ȮȹȻȰ ȸȫȭȰȯȰȸȳɀ ȷȰȼȽȫ, Ȳȫ ȼȭȫȵȾ 
ȸȫȭȰȯȰȸȾ ȺȹȯȶȹȮȾ. ȝȹȵȹȷ ȼȽȻȾȵȽȾȻȸȰ ȹȺȽȳȷȳȲȫɁȳɒȰ, ȻȰȶȫȵȼȫɁȳɒȫ ȼȭȳɀ ȫȽȹȷȫ Ⱦ ȼȳȷȾȶȫɁȳȹȸȹɒ 
ɕȰȶȳɒȳ ɒȰ Ȭȳȶȫ ȯȹȲȭȹɓȰȸȫ. ȐȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȺȹɒȰȯȳȸȫɂȸȳɀ ȷȰȽȫȶȸȳɀ ȫȽȹȷȫ (Eads(M)) 
ȳȲȻȫɂȾȸȫȽȰ ȼȾ ȵȫȹ Ⱦ ȄȰȯȸ. 10. ȞȲȰȭɃȳ Ⱦ ȹȬȲȳȻ ȻȰȶȫȵȼȫɁȳɒȾ ȳ ȺȹɂȰȽȸȳ Ⱥȹȶȹȱȫɒ ȫȽȹȷȫ, ȰȸȰȻȮȳɒȫ 
ȫȯȼȹȻȺɁȳɒȰ ȸȫ ȷȰȼȽȾ ȸȫ ȵȹȷȰ ȼȰ ȹȸ ȵȹȸȫɂȸȹ ȻȰȶȫȵȼȳȻȫȹ ȺȻȳȺȳȼȫȸȫ ɒȰ ȺȹɂȰȽȸȹȷ ȷȰȼȽȾ ȸȫ ȵȹȷ ɒȰ 
Ȭȳȹ ȺȹȼȽȫȭɓȰȸ, ɃȽȹ ɕȰ ȬȳȽȳ ȼȶȾɂȫɒ ȳ ȵȹȯ SWG (ȸȺȻ, ȸȫ ȜȶȳɁȳ 24: ȷȰȼȽȫ c, d, f ȳ y ȼȾ ȼȰ 
ȻȰȶȫȵȼȳȻȫȶȫ Ⱦ ȷȰȼȽȹ b; ȼȽȹȮȫ ɒȰ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ Ȳȫ ȷȰȼȽȹ b ȾȲȰȽȫ Ȳȫ ȹȭȫ ɂȰȽȳȻȳ ȺȹɂȰȽȸȫ ȷȰȼȽȫ). 
Șȫ ȹȼȸȹȭȾ ȹȭȹȮ ȺȻȳȼȽȾȺȫ, ȵȹȸȼȽȻȾȳȼȫȸȰ ȼȾ ȽȹȺȶȹȽȸȰ ȷȫȺȰ (Ȝȶȳȵȫ 24, ȯȰȼȸȹ), ȵȹɒȰ ȺȻȳȵȫȲȾɒȾ 
ȻȰȫȵȽȳȭȸȹȼȽ ɁȰȶȰ 4ĭ4 ȼȾȺȰȻɕȰȶȳɒȰ Ȳȫ ȼȭȫȵȾ ȳȼȺȳȽȳȭȫȸȾ ȺȹȭȻɃȳȸȾ ȳ ȼȭȫȵȹ ȷȰȽȫȶȸȳ ȫȽȹȷ. 

 
 
Ȝȶȳȵȫ 24. ȖȰȭȹ: ȳȼȺȳȽȫȸȫ ȫȯȼȹȻȺɁȳȹȸȫ ȷȰȼȽȫ ȺȻȰȯȼȽȫȭɓȰȸȫ ȼȾ ȽȫɂȵȳɁȫȷȫ, ȯȹȵ ȼȾ ȰȸȰȻȮȳɒȰ 
ȫȯȼȹȻȺɁȳɒȰ ȵȹɒȰ ȳȷ ȹȯȮȹȭȫȻȫɒȾ ȳȲȻȫȱȰȸȰ ȹȯȮȹȭȫȻȫɒȾɕȹȷ Ȭȹɒȹȷ. ȚȻȫȭȫɁ ȼȽȻȰȶȳɁȫ ȺȹȵȫȲȾɒȰ 
ȻȰȶȫȵȼȫɁȳɒȾ ȼȫ ȺȹɂȰȽȸȹȮ ȸȫ ȺȻȰȿȰȻȳȻȫȸȹ ȷȰȼȽȹ. ȕȫȹ ȺȻȳȷȰȻ ȵȹȻȳɃɕȰȸȫ ɒȰ ȫȯȼȹȻȺɁȳɒȫ Pt ȸȫ 
BDG ȏȰȼȸȹ: ȽȹȺȶȹȽȸȫ ȷȫȺȫ ȯȹȬȳɒȰȸȫ ȶȳȸȰȫȻȸȹȷ ȳȸȽȰȻȺȹȶȫɁȳɒȹȷ ȭȻȰȯȸȹȼȽȳ ȫȯȼȹȻȺɁȳȹȸȳɀ 
ȰȸȰȻȮȳɒȫ ȸȫ ȯȳȼȵȻȰȽȸȳȷ ȫȯȼȹȻȺɁȳȹȸȳȷ ȷȰȼȽȳȷȫ.. ȡȻȭȰȸȰ ȭȻȰȯȸȹȼȽȳ ȺȻȰȯȼȽȫȭɓȫɒȾ ɒȫɂȰ, ȫ ȺȶȫȭȰ 
ȼȶȫȬȳɒȰ ȭȰȲȳȭȫɔȰ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 
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Șȫȵȹȸ ɃȽȹ ȼȾ ȹȯȻȰɌȰȸȫ ȺȻȰȿȰȻȰȸɁȳɒȫȶȸȫ ȷȰȼȽȫ Ȳȫ ȫȯȼȹȻȺɁȳɒȾ ȷȰȽȫȶȸȳɀ ȫȽȹȷȫ, ȳȼȺȳȽȫȸȫ 
ɒȰ ȫȽȹȷȼȵȫ ȳ ȷȹȶȰȵȾȶȼȵȫ ȫȯȼȹȻȺɁȳɒȫ ȸȫ ȹȭȳȷ ȷȹȯȰȶȳȷȫ SAC, ȾȲ ȻȫȲȷȫȽȻȫɔȰ ȫȯȼȹȻȺɁȳɒȰ ȸȫ 
ȷȰȽȫȶȸȹȷ ȷȰȼȽȾ, ɃȽȹ ɒȰ ȹȭȯȰ ȹȯ ȺȻȳȷȫȻȸȹȮ ȳȸȽȰȻȰȼȫ. ȋȸȫȶȳȲȳȻȫȸȫ ɒȰ ȫȯȼȹȻȺɁȳɒȫ H, C, N, O ȳ S, 

ȵȫȹ ȳ ȹȯȮȹȭȫȻȫɒȾɕȳɀ AH ȷȹȶȰȵȾȶȫ (x =0 ȯȹ 4, Ⱦ ȲȫȭȳȼȸȹȼȽȳ ȹȯ A). Ȟ ȼȵȶȫȯȾ ȼȫ ȯȰȿȳȸȳɁȳɒȫȷȫ Ȳȫ 
Eads(M), ȳ ȹȭȯȰ ɒȫɂȫ ȫȯȼȹȻȺɁȳɒȫ ȯȫɒȰ ȸȰȮȫȽȳȭȸȳɒȰ ȭȻȰȯȸȹȼȽȳ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ. 

5.3. ȚȻȳȵȫȲ ȻȰȲȾȶȽȫȽȫ 

5.3.1. ȐȸȰȻȮȰȽȼȵȳ ȳ ȼȽȻȾȵȽȾȻȸȳ ȺȫȻȫȷȰȽȻȳ ȿȹȻȷȳȻȫɔȫ SAC ȸȫ 

ȷȹȯȳȿȳȵȹȭȫȸȹȷ ȮȻȫȿȰȸȾ 

ȕȫȹ ȳȸȳɁȳɒȫȶȸȳ ȵȹȻȫȵ Ⱦ ȿȹȻȷȳȻȫɔȾ ȼȳȼȽȰȷȫ ȼȫ ɒȰȯȸȳȷ ȫȽȹȷȹȷ ȸȫ ȮȻȫȿȰȸȾ, ȫȸȫȶȳȲȳȻȫȸ ɒȰ 
ȺȻȹɁȰȼ ȯȰȺȹȲȳɁȳɒȰ ȹȯȫȬȻȫȸȳɀ ȫȽȹȷȫ ȷȰȽȫȶȫ ȸȫ ȺȹȭȻɃȳȸȫȷȫ ɂȳȼȽȹȮ ȳ ȷȹȯȳȿȳȵȹȭȫȸȹȮ ȮȻȫȿȰȸȫ. 
ȚȻȰȮȶȰȯ ȺȫȻȫȷȰȽȫȻȫ ȫȯȼȹȻȺɁȳɒȰ ȯȫȽ ɒȰ Ⱦ ȝȫȬȰȶȳ 13. 

ȐȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȳ ȺȻȰȿȰȻȰȸɁȳɒȫȶȸȫ ȷȰȼȽȫ ȭȰȲȳȭȫɔȫ ȸȫ ɂȳȼȽȹȷ ȳ  ȭȫȵȫȸȽȸȹȷ ȮȻȫȿȰȸȾ 
ȼȾ Ⱦ ȼȵȶȫȯȾ ȼȫ ȺȻȰȽɀȹȯȸȳȷ ȻȰȲȾȶȽȫȽȳȷȫ, ȵȫȹ ȳ ȼȫ ȳȼȽȻȫȱȳȭȫɔȳȷȫ ȫȯȼȹȻȺɁȳɒȰ ȻȫȲȶȳɂȳȽȳɀ ȫȽȹȷȫ 
ȺȻȰȶȫȲȸȳɀ ȷȰȽȫȶȫ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ [84,87]. Șȫ PG ȫȽȹȷȳ ȼȰ ȫȯȼȹȻȬȾɒȾ ȸȫ ȺȹȲȳɁȳɒȫȷȫ ăBò ȳ 
ăHò, ȹȼȳȷ Ⱦ ȼȶȾɂȫɒȰȭȳȷȫ Au ȳ Cu. ȜȽȻȾȵȽȾȻȸȳ ȺȫȻȫȷȰȽȻȳ, Ⱦ ȼȵȶȫȯȾ ȼȫ ȸȹȽȫɁȳɒȹȷ ȺȻȳȵȫȲȫȸȹȷ ȸȫ 
ȜȶȳɁȳ 25, ȯȫȽȳ ȼȾ Ⱦ ȝȫȬȰȶȳ 14. 

ȝȫȬȰȶȫ 13. ȋȯȼȹȻȺɁȳȹȸȫ ȷȰȼȽȫ ȳ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȷȰȽȫȶȸȳɀ ȫȽȹȷȫ ȸȫ ɂȳȼȽȹȷ, ȯȹȺȳȻȫȸȹȷ 
ȮȻȫȿȰȸȾ (NDG ȳ BDG), ȵȫȹ ȳ ȸȫ ȮȻȫȿȰȸȾ ȼȫ ȭȫȵȫȸɁȳɒȹȷ (VG). ȚȹȯȫɁȳ ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. 
[139], © John Wiley and Sons (2021). 

 Eads(M) / eV 

        PG         BDG           NDG  VG 

M ȷȰȼȽȹ(a) PBE PBE+D2 ȷȰȼȽȹ PBE PBE+D2 ȷȰȼȽȹ PBE PBE+D2 ȷȰȼȽȹ PBE PBE+D2 

Ni H Ĭ1.44 Ĭ1.71 e Ĭ2.18 Ĭ2.47 y Ĭ1.40 Ĭ1.68 a Ĭ6.52 Ĭ6.78 

Cu T Ĭ0.26 Ĭ0.53 a Ĭ1.38 Ĭ1.68 c Ĭ0.47 Ĭ0.73 a Ĭ3.63 Ĭ3.89 

Ru H Ĭ1.59 Ĭ1.96 e Ĭ2.44 Ĭ2.83 y Ĭ1.92 Ĭ2.29 a Ĭ8.30 Ĭ8.66 

Rh H Ĭ1.43 Ĭ1.80 e Ĭ2.30 Ĭ2.67 y Ĭ1.86 Ĭ2.22 a Ĭ7.68 Ĭ8.04 

Pd B Ĭ1.08 Ĭ1.49 b Ĭ1.58 Ĭ1.95 n Ĭ1.10 Ĭ1.47 a Ĭ5.11 Ĭ5.46 

Ag H Ĭ0.03 Ĭ0.32 a Ĭ0.90 Ĭ1.26 y Ĭ0.04 Ĭ0.33 a Ĭ1.65 Ĭ2.04 

Ir B Ĭ1.14 Ĭ1.70 e Ĭ2.16 Ĭ2.76 f Ĭ1.69 Ĭ2.26 a Ĭ8.92 Ĭ9.42 

Pt B Ĭ1.45 Ĭ2.01 b Ĭ2.12 Ĭ2.68 d Ĭ1.81 Ĭ2.38 a Ĭ6.91 Ĭ7.41 

Au T Ĭ0.14 Ĭ0.70 a Ĭ1.12 Ĭ1.69 c Ĭ0.72 Ĭ1.29 a Ĭ2.30 Ĭ2.97 

(a) ȺȻȰȿȰȻȰȸɁȳɒȫȶȸȹ ȷȰȼȽȹ Ȳȫ ȫȯȼȹȻȺɁȳɒȾ. Ȓȫ PG ȵȹȻȳɃɕȰȸȰ ȼȾ ȺȻȰȽɀȹȯȸȰ ȹȲȸȫȵȰ (T, B, H); ȹȲȸȫȵȰ Ȳȫ ȷȹȯȳȿȳȵȹȭȫȸȰ 
ȮȻȫȿȰȸȰ ȼȾ ȯȫȽȰ ȸȫ ȜȶȳɁȳ 23. 

 
Ȝȶȳȵȫ 25. șȺȽȳȷȳȲȹȭȫȸȰ ȼȽȻȾȵȽȾȻȰ Pt ȫȯȼȹȻȬȹȭȫȸȰ ȸȫ ɂȰȽȳȻȳ ȳȼȺȳȽȫȸȰ ȺȹȯȶȹȮȰ, ȼȫ ȹȲȸȫȵȫȷȫ 
ȯȾȱȳȸȫ ȭȰȲȫ ȳ ȷȰɌȾȫȽȹȷȼȵȳɀ ȻȫȼȽȹɒȫɔȫ, ȵȹɒȰ ȼȾ ȺȻȳȵȫȲȫȸȰ Ⱦ ȝȫȬȰȶȳ 14. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], 
© John Wiley and Sons (2021). 
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ȝȫȬȰȶȫ 14. ȜȽȻȾȵȽȾȻȸȳ ȺȫȻȫȷȰȽȻȳ ȫȽȹȷȫ ȷȰȽȫȶȫ ȭȰȲȫȸȳɀ ȸȫ ȮȻȫȿȰȸȼȵȳȷ ȺȹȯȶȹȮȫȷȫ. ȚȹȯȫɁȳ 
ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 
 ȯȾȱȳȸȫ ȭȰȲȰ ȳȶȳ ȷȰɌȾȫȽȹȷȼȵȹ ȻȫȼȽȹɒȫɔȰ / ᴠ (b) 

M@PG ȷȰȼȽȹ(a) d1 d2 d3 

Ni H  2.11 2.11 2.11 

Cu T 2.09 2.59 2.60 

Ru H  2.26 2.26 2.26 

Rh H  2.29 2.29 2.29 

Pd B 2.20 2.20 2.88 

Ag H  3.28 3.28 3.28 

Ir B 2.09 2.09 2.83 

Pt B 2.11 2.11 2.87 

Au T 2.35 2.84 2.84 

M@VG     

Ni a 1.79 1.79 1.79 

Cu a 1.87 1.89 1.87 

Ru a 1.91 1.91 1.91 

Rh a 1.91 1.91 1.91 

Pd a 1.95 1.95 1.95 

Ag a 2.21 2.21 2.23 

Ir a 1.91 1.91 1.91 

Pt a 1.95 1.95 1.95 

Au a 2.05 2.09 2.10 

M@BDG     

Ni e(H)  2.13* 2.12 2.12 

Cu a 1.99* 2.41 2.41 

Ru e(H)  2.26* 2.22 2.23 

Rh e(H)  2.29* 2.29 2.29 

Pd b(B) 2.21* 2.20 2.84 

Ag a 2.24* 2.71 2.71 

Ir e(H)  2.22* 2.33 2.33 

Pt b(B) 2.19* 2.10 2.81 

Au a 2.17* 2.76 2.76 

M@NDG     

Ni y(H)  2.09 2.11 2.11 

Cu c(T) 2.80* 2.00 2.68 

Ru y(H)  2.20 2.25 2.25 

Rh y(H)  2.18 2.30 2.30 

Pd n(B) 2.89 2.19 2.17 

Ag y(H)  3.28 3.29 3.29 

Ir f(T) 2.15 2.01 2.21 

Pt d(B) 2.93* 2.06 2.15 

Au c(T) 2.89* 2.17 2.85 
(a)ȳȷȰȸȹȭȫɔȰ ȷȰȼȽȫ ȯȫȽȹ ɒȰ ȸȫ ȜȶȳɁȳ 23ȭ (ȳȸȯȰȵȼ ȹȲȸȫɂȫȭȫ ȯȫ ȶȳ ɒȰ ȯȫȽȹ ȷȰȼȽȹ ăTò, ăB, ȳȶȳ ăHò); (b) d1, 
d2, d3 ð ȾȯȫɓȰȸȹȼȽ ȯȹ ȽȻȳ ȸȫɒȬȶȳȱȫ C ȫȽȹȷȫ ȮȻȫȿȰȸȫ. Ȓȫ ȯȹȺȳȻȫȸȳ ȮȻȫȿȰȸ d1 ɒȰ ȾȯȫɓȰȸȹȼȽ ȯȹ C ȫȽȹȷȫ 
ȸȫɒȬȶȳȱȰȮ ȯȹȺȫȸȽȾ (ȷȰȼȽȫ f, n, y), ȳȶȳ ȯȹ ȼȫȷȹȮ ȯȹȺȫȸȽȫ (ȹȲȸȫɂȰȸȫ ȲȭȰȲȯȳɁȹȷ, ȷȰȼȽȫ a, b, c, d, e) 
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ȍȰȲȳȭȫɔȰ ȸȫ ȷȹȸȹȭȫȵȫȸȽȸȹȷ ȮȻȫȿȰȸȾ ȼȰ ȾȭȰȵ ȯȰɃȫȭȫ ȸȫ ȷȰȼȽȾ ȭȫȵȫȸɁȳɒȰ. Ȟ ȺȻȹȼȰȵȾ, VG 
ȺȹȵȫȲȾɒȰ ȸȫɒɒȫɂȰ ȭȰȲȳȭȫɔȰ ȫȽȹȷȫ ȺȻȰȶȫȲȸȳɀ ȷȰȽȫȶȫ, ȲȫȽȳȷ ȼȶȰȯȰ BDG, NDG, ȳ ȸȫ ȵȻȫɒȾ PG. 
ȏȳȼȺȰȻȲȳȹȸȰ ȳȸȽȰȻȫȵɁȳɒȰ ȳȷȫɒȾ ȼȶȳɂȫȸ ȯȹȺȻȳȸȹȼ ȾȵȾȺȸȹɒ ȰȸȰȻȮȳɒȳ ȫȯȼȹȻȺɁȳɒȰ Ȳȫ ȭȰɕȳȸȾ 
ȼȳȼȽȰȷȫ. ȗȰɌȾȽȳȷ, ȻȰȶȫȽȳȭȸȳ ȯȹȺȻȳȸȹȼ ɒȰ ȸȫɒȳȲȻȫȱȰȸȳɒȳ Ⱦ ȼȳȼȽȰȷȳȷȫ ȼȫ ȼȶȫȬȳȷ ȭȰȲȳȭȫɔȰȷ, ȵȫȹ 
ɃȽȹ ɒȰ ɂȳȼȽȳ ȮȻȫȿȰȸ, ȵȹɒȳ ɒȰ ȺȹȲȸȫȽ ȵȫȹ ȺȻȳȶȳɂȸȹ ɀȰȷȳɒȼȵȳ ȳȸȰȻȽȫȸ. ȓȲ DOS ȵȻȳȭȳɀ ȼȭȳɀ 
ȼȳȼȽȰȷȫ ȸȫ Ȝȶȳȵȫȷȫ 26-29 ȷȹȱȰ ȼȰ ȾȹɂȳȽȳ ȯȫ ȫȯȼȹȻȺɁȳɒȫ ȫȽȹȷȫ ȷȰȽȫȶȫ ȼȶȫȬȹ ȾȽȳɂȰ ȸȫ 
ȰȶȰȵȽȻȹȸȼȵȾ ȼȽȻȾȵȽȾȻȾ ɂȳȼȽȹȮ ȮȻȫȿȰȸȫ, ɃȽȹ ɒȰ Ⱦ ȼȵȶȫȯȾ ȼȫ ȷȫȶȳȷ ȰȸȰȻȮȳɒȫȷȫ ȫȯȼȹȻȺɁȳɒȰ. TȻȫȵȰ 
ȵȹɒȰ ȹȯȮȹȭȫȻȫɒȾ ȫȽȹȷȳȷȫ ȷȰȽȫȶȫ ȼȾ ȾȼȵȰ ȳ ȻȰȶȫȽȳȭȸȹ ȬȶȳȲȾ ȟȰȻȷȳɒȰȭȹȮ ȸȳȭȹȫ. ȜȵȹȻȹ ȳȯȰȸȽȳɂȸȫ 
ȼȳȽȾȫɁȳɒȫ ɒȰ ȺȻȳȷȰɕȰȸȫ ȳ Ȳȫ ȼȶȾɂȫɒȰȭȰ NDG ȳ BDG. Ȝ ȯȻȾȮȰ ȼȽȻȫȸȰ, ȭȰȲȳȭȫɔȰ ȷȰȽȫȶȫ Ⱦ ȭȫȵȫȸɁȳɒȾ 
ȯȹȭȹȯȳ ȯȹ ɒȫȵȳɀ ȳȸȽȰȻȫȵɁȳɒȫ ȼȫ ȮȻȫȿȰȸȹȷ, ȺȻȳ ɂȰȷȾ ȼȾ d-ȽȻȫȵȰ ȷȰȽȫȶȫ ɃȳȻȹȵȰ ȳ ȲȸȫȽȸȹ ȳȼȺȹȯ 
ȟȰȻȷȳɒȰȭȹȮ ȸȳȭȹȫ. șȽȭȫȻȫɔȰ ȰȸȰȻȮȰȽȼȵȹȮ ȺȻȹɁȰȺȫ ȸȳɒȰ ȾȹɂȰȸȹ ȸȳ Ⱦ ɒȰȯȸȹȷ ȹȯ ȺȻȹȾɂȫȭȫȸȳɀ 
ȼȶȾɂȫɒȰȭȫ, ȾȵȫȲȾɒȾɕȳ ȯȫ ɒȰ ȺȻȹȭȹȯɓȳȭȹȼȽ ȹɂȾȭȫȸȫ, ɃȽȹ ɒȰ ȹȯ ȵɓȾɂȸȹȮ Ȳȸȫɂȫɒȫ Ȳȫ 
ȰȶȰȵȽȻȹȵȫȽȫȶȳȽȳɂȵȰ ȺȻȳȷȰȸȰ. 

 

 
Ȝȶȳȵȫ 26. ȎȾȼȽȳȸȰ ȰȶȰȵȽȻȹȸȼȵȳɀ ȼȽȫɔȫ ȼȳȼȽȰȷȫ M@PG. Ȝȵȫȶȫ ȰȸȰȻȮȳɒȫ ȺȻȳȵȫȲȫȸȫ ɒȰ Ⱦ 
ȹȯȸȹȼȾ ȸȫ ȟȰȻȷȳɒȰȭȾ ȰȸȰȻȮȳɒȾ (ȭȰȻȽȳȵȫȶȸȫ ȳȼȺȻȰȵȳȯȫȸȫ ȶȳȸȳɒȫ). ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © 
John Wiley and Sons (2021). 
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Ȝȶȳȵȫ 27. ȎȾȼȽȳȸȰ ȰȶȰȵȽȻȹȸȼȵȳɀ ȼȽȫɔȫ ȼȳȼȽȰȷȫ M@NDG. Ȝȵȫȶȫ ȰȸȰȻȮȳɒȫ ȺȻȳȵȫȲȫȸȫ ɒȰ Ⱦ 
ȹȯȸȹȼȾ ȸȫ ȟȰȻȷȳɒȰȭȾ ȰȸȰȻȮȳɒȾ (ȭȰȻȽȳȵȫȶȸȫ ȳȼȺȻȰȵȳȯȫȸȫ ȶȳȸȳɒȫ). ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © 
John Wiley and Sons (2021). 
 

 
Ȝȶȳȵȫ 28. ȎȾȼȽȳȸȰ ȰȶȰȵȽȻȹȸȼȵȳɀ ȼȽȫɔȫ ȼȳȼȽȰȷȫ M@BDG. Ȝȵȫȶȫ ȰȸȰȻȮȳɒȫ ȺȻȳȵȫȲȫȸȫ ɒȰ Ⱦ 
ȹȯȸȹȼȾ ȸȫ ȟȰȻȷȳɒȰȭȾ ȰȸȰȻȮȳɒȾ (ȭȰȻȽȳȵȫȶȸȫ ȳȼȺȻȰȵȳȯȫȸȫ ȶȳȸȳɒȫ). ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © 
John Wiley and Sons (2021). 
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Ȝȶȳȵȫ 29. ȎȾȼȽȳȸȰ ȰȶȰȵȽȻȹȸȼȵȳɀ ȼȽȫɔȫ ȼȳȼȽȰȷȫ M@VG. Ȝȵȫȶȫ ȰȸȰȻȮȳɒȫ ȺȻȳȵȫȲȫȸȫ ɒȰ Ⱦ 
ȹȯȸȹȼȾ ȸȫ ȟȰȻȷȳɒȰȭȾ ȰȸȰȻȮȳɒȾ (ȭȰȻȽȳȵȫȶȸȫ ȳȼȺȻȰȵȳȯȫȸȫ ȶȳȸȳɒȫ). ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © 
John Wiley and Sons (2021). 
 

 

5.3.2. ȜȽȫȬȳȶȸȹȼȽ SAC ȼȳȼȽȰȷȫ ð ȽȰȻȷȹȯȳȸȫȷȳȵȫ ȫȯȼȹȻȺɁȳɒȰ ȳ ȷȹȬȳȶȸȹȼȽ  

ȄȰȯȫȸ ȫȼȺȰȵȽ ȳȼȽȻȫȱȳȭȫȸȳɀ ȷȹȯȰȶȫ ȵȹɒȳ ɒȰ ȺȹȭȰȲȫȸ ȼȫ ȺȻȫȵȽȳɂȸȹȷ ȺȻȳȷȰȸȹȷ ɒȰ ȹȯȻȱȫȭȫɔȰ 
ȺȹɒȰȯȳȸȫɂȸȳɀ ȫȽȹȷȫ ȸȫ ȺȹȯȶȹȲȳ ȵȫȵȹ Ȭȳ ȼȰ ȼȺȻȰɂȳȶȫ ȫȮȻȰȮȫɁȳɒȫ Ⱦ ȸȫȸȹɂȰȼȽȳɁȰ. șȭȹ ȼȰ ȷȹȱȰ 
ȻȫȲȷȹȽȻȳȽȳ ȼȫ ȼȽȫȸȹȭȳɃȽȫ ȽȰȻȷȹȯȳȸȫȷȳɂȵȰ ȽȰȸȯȰȸɁȳɒȰ ȫȽȹȷȫ ȯȫ ȿȹȻȷȳȻȫ ȷȰȽȫȶȸȾ ȸȫȸȹɂȰȼȽȳɁȾ 
ȳ ȷȹȮȾɕȸȹȼȽȳ ȫȽȹȷȫ ȯȫ ȷȳȮȻȳȻȫ ȺȻȰȵȹ ȺȹȯȶȹȮȰ Ȼȫȯȳ ȫȮȻȰȮȫɁȳɒȰ.  ȕȫȹ Ⱦ ȼȶȾɂȫɒȾ VG, ȹȭȹ ɒȰ ȷȹȮȾɕȰ 
ȺȻȹȭȰȻȳȽȳ ȾȺȹȻȰɌȳȭȫɔȰȷ Eads(M) ȳ ȵȹɀȰȲȳȹȸȰ ȰȸȰȻȮȳɒȰ ȹȯȮȹȭȫȻȫɒȾɕȰȮ ȷȰȽȫȶȫ (Ecoh(M)). ȋȵȹ ɒȰ 
ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȫ ȷȰȽȫȶȫ ȸȫ ȹȯȻȰɌȰȸȹɒ ȺȹȯȶȹȲȳ ȸȰȮȫȽȳȭȸȫ ȳ ɔȰȸȫ ȫȺȼȹȶȾȽȸȫ ȭȻȰȯȸȹȼȽ 
ȭȰɕȫ ȹȯ ȵȹɀȰȲȳȹȸȰ ȰȸȰȻȮȳɒȰ ȼȫȷȹȮ ȷȰȽȫȶȫ, ȺȹɒȰȯȳȸȫɂȸȳ ȫȽȹȷ Ȭȳ ȽȻȰȬȫȶȹ ȯȫ ȬȾȯȰ ȼȽȫȬȳȶȫȸ ȸȫ 
ȺȹȯȶȹȲȳ. ȝȫȵȭȹ ȺȹȻȰɌȰɔȰ ɒȰ ȺȻȰȯȼȽȫȭɓȰȸȹ ȸȫ ȜȶȳɁȳ 30. ȕȫȹ ɃȽȹ ȼȰ ȷȹȱȰ ȭȳȯȰȽȳ, ȷȰɌȾ 
ȳȼȺȳȽȫȸȳȷ ȼȳȼȽȰȷȳȷȫ ȺȹȼȽȹɒȳ ȼȫȷȹ ȸȰȵȹȶȳȵȹ ȼȳȼȽȰȷȫ M@VG ȮȯȰ ɒȰ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȫ 
ȷȰȽȫȶȫ ȯȹȭȹɓȸȹ ȭȳȼȹȵȫ ȯȫ ȺȻȰȭȫȲȳɌȰ ȵȹɀȰȲȳȭȸȾ ȰȸȰȻȮȳɒȾ ȳ ȼȺȻȰɂȳ ȽȰȻȷȹȯȳȸȫȷȳɂȵȾ ȽȰȸȯȰȸɁȳɒȾ 
ȫȽȹȷȫ ȯȫ ȿȹȻȷȳȻȫ ȫȮȻȰȮȫȽ Ƚɒ. ȸȫȸȹɂȰȼȽȳɁȾ. ȞȼȶȰȯ ȻȰȶȫȽȳȭȸȹ ȷȫȶȳɀ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȷȰȽȫȶȸȳɀ 
ȫȽȹȷȫ ȸȫ PG, NDG ȳ BDG ȼȳȼȽȰȷȳȷȫ, ȵȹɀȰȲȳȹȸȫ ȰȸȰȻȮȳɒȫ ɒȰ ȯȹȭȹɓȸȹ ȭȳȼȹȵȫ ȯȫ ȳȲȫȲȹȭȰ 
ȫȮȻȰȮȫɁȳɒȾ. ȗȰȽȫȶȳ ȵȹɒȳ Ȭȳ ȽȻȰȬȫȶȹ ȯȫ ȬȾȯȾ ȼȽȫȬȳȶȸȳ ȸȫ VG ȳȷȫɒȾ ȭȰȹȷȫ ȭȳȼȹȵȰ ȵȹɀȰȲȳȹȸȰ 
ȰȸȰȻȮȳɒȰ, ȵȫȹ ɃȽȹ ȼȾ Ir ȳ Ru, ȫȶȳ ɒȰ ɔȳɀȹȭȫ ȳȸȽȰȻȫȵɁȳɒȫ ȼȫ ȭȫȵȫȸɁȳɒȹȷ Ƚȹȶȳȵȹ ɒȫȵȫ ȯȫ ȼȽȫȬȳȶȳȲȾɒȰ 
ȺȹɒȰȯȳȸȫɂȸȰ ȫȽȹȷȰ. șȭȫɒ ȻȰȲȾȶȽȫȽ ɒȰ Ⱦ ȼȵȶȫȯȾ ȼȫ ȭȰɕ ȾȹɂȰȸȹȷ ȺȻȫȭȳȶȸȹɃɕȾ ȵȹȯ ȭȫȵȫȸɁȳɒȰ, ȮȯȰ ȭȰɕȫ 
ȵȹɀȰȲȳȹȸȫ ȰȸȰȻȮȳɒȫ ȷȰȽȫȶȫ ȻȰȲȾȶȽȳȻȫ ɒȫɂȳȷ ȭȰȲȳȭȫɔȰȷ ȸȫ ȭȫȵȫȸɁȳɒȾ. 
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Ȝȶȳȵȫ 30. ȚȹȻȰɌȰɔȰ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȷȰȽȫȶȸȳɀ ȫȽȹȷȫ ȸȫ ȳȼȺȳȽȳȭȫȸȳȷ ȮȻȫȿȰȸȼȵȳȷ 
ȺȹȭȻɃȳȸȫȷȫ ȳ ȵȹɀȰȲȳȭȸȳɀ ȰȸȰȻȮȳɒȫ ɂȳȼȽȳɀ ȷȰȽȫȶȫ. ȜȳȼȽȰȷȳ Ⱦ ȹȼȰȸɂȰȸȹɒ ȹȬȶȫȼȽȳ ȸȰ Ȭȳ ȽȻȰȬȫȶȹ 
ȯȫ ȺȹȵȫȲȾɒȾ ȽȰȸȯȰȸɁȳɒȾ ȵȫ ȫȮȻȰȮȫɁȳɒȳ. ȕȹɀȰȲȳȹȸȰ ȰȸȰȻȮȳɒȰ ȼȾ ȺȻȰȾȲȰȽȰ ȳȲ ȻȰȿ. [76]. ȚȻȰȾȲȰȽȹ ȳȲ 
ȻȰȿ. [139], © John Wiley and Sons (2021). 
 

ȘȫȻȫȭȸȹ, ȺȹȻȰȯ ȰȸȰȻȮȰȽȳȵȰ ȭȰȲȳȭȫɔȫ ȷȹȻȫ ȼȰ ȻȫȲȷȹȽȻȳȽȳ ȳ ȷȹȬȳȶȸȹȼȽ ȫȽȹȷȫ ȸȫ 
ȺȹȭȻɃȳȸȳ ȮȻȫȿȰȸȼȵȰ ȭȻȼȽȰ. ȋȵȹ ȼȰ ȷȰȽȫȶȸȳ ȫȽȹȷȳ ȯȰȺȹȸȾɒȾ Ⱦ ȭȰȹȷȫ ȸȳȼȵȹɒ ȵȹȸɁȰȸȽȻȫɁȳɒȳ ȳ 
ɔȳɀȹȭȫ ȷȹȬȳȶȸȹȼȽ ɒȰ ȯȹȭȹɓȸȹ ȸȳȼȵȫ, ȳ ȭȰȻȹȭȫȽȸȹɕȫ ȫȮȻȰȮȫɁȳɒȰ ȷȰȽȫȶȸȰ ȿȫȲȰ ɕȰ ȬȳȽȳ ȷȫɔȫ. ȓȲ 
ȭȻȰȯȸȹȼȽȳ Ⱦ ȝȫȬȰȶȳ 13 ȳ ȷȫȺȫ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ (ȜȶȳȵȰ 31-33), ȭȳȯȳȷȹ ȯȫ ȼȰ ȵȹȯ VG ȫȽȹȷ 
ȷȰȽȫȶȫ ăȾȼȳȯȻȳò ȸȫ ȭȫȵȫȸɁȳɒȳ Ȳȫ ȼȭȰ ȳȼȺȳȽȳȭȫȸȰ ȷȰȽȫȶȰ. ȚȻȳȼȾȼȽȭȹ ȭȫȵȫȸɁȳɒȰ ȾȽȳɂȰ ȸȫ ȭȰȶȳȵȳ 
ȯȰȹ ȼȳȷȾȶȫɁȳȹȸȰ ɕȰȶȳɒȰ, Ⱥȫ ȼȰ ȫȽȹȷȳ ȻȰȶȫȵȼȳȻȫɒȾ ȯȹ ȭȫȵȫȸɁȳɒȰ ɂȫȵ ȳ ȼȫ ȼȫȷȳɀ ȳȭȳɁȫ ȼȾȺȰȻɕȰȶȳɒȰ. 
Ȟ ȼȶȾɂȫɒȾ BDG, ȼȫȷ ȯȹȺȫȸȽ ȳ ȸȫɒȬȶȳȱȫ ăBò ȳ ăHò ȷȰȼȽȫ ȼȾ ȸȫɒȫȵȽȳȭȸȳɒȫ. ȕȹȯ NDG ȺȻȳȷȰɕȾɒȰȷȹ 
ȯȫ ȼȰ ȷȰȽȫȶȸȳ ȫȽȹȷ ȺȻȰȽȰȱȸȹ ȭȰȲȾɒȰ ȸȫ ȮȻȫȿȰȸȼȵȹɒ ȻȰɃȰȽȵȳ, Ȭȳȶȹ ȸȫ ăTò ȷȰȼȽȾ ȸȫɒȬȶȳȱȰȷ 
ȯȹȺȫȸȽȾ ȳȶȳ ȸȫ ȻȫȲȸȳȷ ȾȯȫɓȰȸȳȷ ăBò ȳ ăHò ȷȰȼȽȳȷȫ.  

țȫȲȷȫȽȻȫɒȾɕȳ ȹȺɃȽȰ ȽȻȰȸȯȹȭȰ, ȷȹȸȹȭȫȵȫȸɁȳɒȫ ȸȰȯȭȹȼȷȳȼȶȰȸȹ ȺȻȰȯȼȽȫȭɓȫ ȷȰȼȽȹ Ȳȫ ɒȫȵȹ ȭȰȲȳȭȫɔȰ 
ȺȹɒȰȯȳȸȫɂȸȹȮ ȫȽȹȷȫ. ȚȻȰȷȫ ȯȹȬȳɒȰȸȳȷ ȻȰȲȾȶȽȫȽȳȷȫ, ȲȫȵɓȾɂȾɒȰ ȼȰ ȯȫ ɒȰ ȼȭȳȷ ȳȼȺȳȽȳȭȫȸȳȷ 
ȫȽȹȷȳȷȫ ȺȹȽȻȰȬȸȹ ȸȫɒȷȫɔȰ 1 eV ȯȫ ȺȻȰȭȫȲȳɌȾ ȬȫȻȳɒȰȻȾ ȳ ȸȫȺȾȼȽȰ ȭȫȵȫȸɁȳɒȾ. ȌȾȯȾɕȳ ȯȫ ɒȰ 
ȽȰȻȷȫȶȸȫ ȰȸȰȻȮȳɒȫ ȸȫ ȽȰȷȺȰȻȫȽȾȻȫȷȫ ȬȶȳȲȾ ȼȹȬȸȰ ȹȵȹ 25 meV, Ⱦ ȼȶȾɂȫɒȾ VG ȺȹɒȰȯȳȸȫɂȸȳ ȫȽȹȷȳ 
ȽȻȰȬȫȶȹ ȯȫ ȬȾȯȾ ȼȽȫȬȳȶȸȳ Ⱦ ȭȫȵȫȸɁȳɒȳ. 
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Ȝȶȳȵȫ 31. ȗȫȺȰ Eads(M) Ⱦ ɒȰȯȳȸȳɁȫȷȫ ȰV ȸȫ VG. ȍȻȰȯȸȹȼȽȳ Ⱦ ɁȻȭȰȸȹɒ Ȭȹɒȳ ȺȻȰȯȼȽȫȭɓȫɒȾ ɒȫɂȰ, ȯȹȵ 
ȭȻȰȯȸȹȼȽȳ Ⱦ Ⱥȶȫȭȹɒ Ȭȹɒȳ ȺȻȰȯȼȽȫȭɓȫɒȾ ȼȶȫȬȳɒȰ ȭȰȲȳȭȫɔȰ. ȘȫȺȹȷȰȸȫ: ȼȵȫȶȫ ȰȸȰȻȮȳɒȫ ȸȳɒȰ ȳȼȽȫ Ȳȫ 
ȻȫȲȶȳɂȳȽȰ ȼȳȼȽȰȷȰ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 

 
 
Ȝȶȳȵȫ 32. ȗȫȺȰ Eads(M) Ⱦ ɒȰȯȳȸȳɁȫȷȫ ȰV ȸȫ BDG. ȍȻȰȯȸȹȼȽȳ Ⱦ ɁȻȭȰȸȹɒ Ȭȹɒȳ ȺȻȰȯȼȽȫȭɓȫɒȾ ɒȫɂȰ, 
ȯȹȵ ȭȻȰȯȸȹȼȽȳ Ⱦ Ⱥȶȫȭȹɒ Ȭȹɒȳ ȺȻȰȯȼȽȫȭɓȫɒȾ ȼȶȫȬȳɒȰ ȭȰȲȳȭȫɔȰ. ȘȫȺȹȷȰȸȫ: ȼȵȫȶȫ ȰȸȰȻȮȳɒȫ ȸȳɒȰ ȳȼȽȫ 
Ȳȫ ȻȫȲȶȳɂȳȽȰ ȼȳȼȽȰȷȰ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 
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Ȝȶȳȵȫ 33. ȗȫȺȰ Eads(M) Ⱦ ɒȰȯȳȸȳɁȫȷȫ ȰV ȸȫ NDG. ȍȻȰȯȸȹȼȽȳ Ⱦ ɁȻȭȰȸȹɒ Ȭȹɒȳ ȺȻȰȯȼȽȫȭɓȫɒȾ ɒȫɂȰ, 
ȯȹȵ ȭȻȰȯȸȹȼȽȳ Ⱦ Ⱥȶȫȭȹɒ Ȭȹɒȳ ȺȻȰȯȼȽȫȭɓȫɒȾ ȼȶȫȬȳɒȰ ȭȰȲȳȭȫɔȰ. ȘȫȺȹȷȰȸȫ: ȼȵȫȶȫ ȰȸȰȻȮȳɒȫ ȸȳɒȰ ȳȼȽȫ 
Ȳȫ ȻȫȲȶȳɂȳȽȰ ȼȳȼȽȰȷȰ. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 
 

Ȟ ȼȶȾɂȫɒȾ BDG, ȷȰȼȽȹ ȯȹȺȫȸȽȫ (ȳȶȳ ȼȾȼȰȯȸȳ ȫȽȹȷȳ ȾȮɓȰȸȳȵȫ) ȽȫȵȹɌȰ ȺȻȰȯȼȽȫȭɓȫɒȾ ȷȰȼȽȹ 
ɒȫȵȹȮ ȭȰȲȳȭȫɔȫ Ȳȫ ȷȰȽȫȶȸȳ ȫȽȹȷ. Ȝȫ ȷȫȺȰ Eads (Ȝȶȳȵȫ 32) ȭȳȯȳȷȹ ȯȫ ɒȰ ȰȸȰȻȮȰȽȼȵȫ ȺȹȭȻɃȳȸȫ Ȳȫ 
ȯȳȿȾȲȳɒȾ ȫȽȹȷȫ ȮȶȫȽȵȫ Ⱦ ȺȹȻȰɌȰɔȾ ȼȫ ȼȶȾɂȫɒȰȷ VG, ȫȶȳ ȳ ȯȫɓȰ ɒȰ ȺȹȽȻȰȬȸȹ ȬȫȻ 0.5 ȰV ȯȫ Ȭȳ ȫȽȹȷ 
ȷȳȮȻȳȻȫȹ ȼȫ ȺȻȰȿȰȻȰȸɁȳɒȫȶȸȹȮ ȷȰȼȽȫ, ɃȽȹ ɒȰ ȳ ȯȫɓȰ Ȳȸȫɂȫɒȸȫ ȫȵȽȳȭȫɁȳȹȸȫ ȰȸȰȻȮȳɒȫ Ȳȫ ȾȼȶȹȭȰ 
ȺȻȳ ȼȹȬȸȹɒ ȽȰȷȺȰȻȫȽȾȻȳ. ȜȽȹȮȫ, ȫȵȹ ɒȰ ȵȹȸɁȰȸȽȻȫɁȳɒȫ ȫȽȹȷȫ ȸȳȼȵȫ ȳ ȾȺȹȻȰȯȳȭȫ ȼȫ 
ȵȹȸɁȰȸȽȻȫɁȳɒȹȷ ȫȽȹȷȫ ȯȹȺȫȸȽȫ ȾȮȻȫɌȰȸȳɀ Ⱦ ȮȻȫȿȰȸȼȵȾ ȻȰɃȰȽȵȾ, ȽȻȰȬȫȶȹ Ȭȳ ȯȫ ɒȰ ȷȹȮȾɕȰ 
ȸȫȺȻȫȭȳȽȳ SAC ȵȹȻȳȼȽȰɕȳ BDG ȵȫȹ ȺȹȯȶȹȮȾ, ȳȫȵȹ ȺȹȼȽȹɒȳ ɒȫȵȫ ȽȰȸȯȰȸɁȳɒȫ Ȳȫ ȫȮȻȰȮȫɁȳɒȹȷ (Ȝȶȳȵȫ 
30). Ȟ ȼȶȾɂȫɒȾ NDG, ȰȸȰȻȮȰȽȼȵȫ ȺȹȭȻɃȳȸȫ Ȳȫ ȯȳȿȾȲȳɒȾ ɒȰ ȽȫȵȹɌȰ ȮȶȫȽȵȫ, ȯȹȵ ȫȽȹȷȳ ȳȲȬȰȮȫȭȫɒȾ 
ȷȰȼȽȫ ȯȹȺȫȸȽȫ. Ȟ ȵȹȷȬȳȸȫɁȳɒȳ ȼȫ ȽȰȸȯȰȸɁȳɒȹȷ ȫȽȹȷȫ Ȳȫ ȫȮȻȰȮȫɁȳɒȹȷ ȸȫ NDG, ȷȹȱȰ ȼȰ ȲȫȵɓȾɂȳȽȳ 
ȯȫ ȹȭȫɒ ȼȳȼȽȰȷ ȸȳɒȰ ȺȻȫȭȳ ȵȫȸȯȳȯȫȽ Ȳȫ ȺȹȯȶȹȮȾ SAC, ɒȰȻ Ȭȳ ȫȽȹȷȳ ȶȫȵȹ ȷȳȮȻȳȻȫȶȳ ȺȻȰȵȹ 
ȺȹȭȻɃȳȸȰ ȳ ȿȹȻȷȳȻȫȶȳ ȭȰɕȰ ȫȮȻȰȮȫȽȰ. șȭȫɒ ȻȰȲȾȶȽȫȽ ɒȰ ȸȫȳȲȮȶȰȯ ȵȹȸȽȻȫȯȳȵȽȹȻȫȸ Ȼȫȯȹȭȳȷȫ ȵȹɒȳ 
ȺȹȵȫȲȾɒȾ ȺȹȬȹɓɃȫȸȾ ȼȽȫȬȳȶȸȹȼȽ ȷȰȽȫȶȸȳɀ ȸȫȸȹɂȰȼȽȳɁȫ ȸȫ NDG [66,140,141]. ȝȻȰȬȫ ȸȫȺȹȷȰȸȾȽȳ 
ȯȫ ȼȾ ȲȫȵɓȾɂɁȳ ȹȭȹȮ Ȼȫȯȫ ȹȮȻȫȸȳɂȰȸȳ ȸȫ ȼȶȾɂȫɒ ȽȰȻɁȳɒȫȻȸȳɀ ȫȲȹȽȸȳɀ ȷȰȼȽȫ. ȣȽȫȭȳɃȰ, ȳȲ ȝȫȬȰȶȰ 
13 ȼȰ ȷȹȱȰ ȭȳȯȰȽȳ ȯȫ ȼȾ ȳȼȺȳȽȫȸȳ ȷȰȽȫȶȳ ȲȫȳȼȽȫ ȼȽȫȬȳȶȸȳɒȳ ȸȫ N-ȯȹȺȳȻȫȸȹȷ ȸȰȮȹ ȸȫ ɂȳȼȽȹȷ 
ȮȻȫȿȰȸȾ. ȗȰɌȾȽȳȷ, ȹȭȫ ȼȽȫȬȳȶȳȲȫɁȳɒȫ ȸȳɒȰ ȯȹȭȹɓȸȹ ȭȳȼȹȵȫ ȯȫ Ȭȳ ȼȰ ȷȹȮȶȫ ȮȫȻȫȸȽȹȭȫȽȳ 
ȯȳȼȺȰȻȮȹȭȫȸȹȼȽ ȸȫ ȸȳȭȹȾ ȺȹɒȰȯȳȸȫɂȸȳɀ ȫȽȹȷȫ. 

 

5.3.3. ȜȽȫȬȳȶȸȹȼȽ ȷȹȯȰȶȫ SAC ȺȻȳ ȻȰȫȶȸȳȷ ȰȶȰȵȽȻȹɀȰȷȳɒȼȵȳȷ Ⱦȼȶȹȭȳȷȫ 

ȏȹ ȼȫȯȫ ɒȰ ȫȸȫȶȳȲȳȻȫȸȫ ȿȫȲȸȫ ȮȻȫȸȳɁȫ SAC|ȭȫȵȾȾȷ. ȗȰɌȾȽȳȷ, Ⱦ ɁȳɓȾ ȺȻȳȷȰȸȰ SAC Ⱦ 
ȰȶȰȵȽȻȹȵȫȽȫȶȳȲȳ, ȸȰȹȺɀȹȯȸȹ ɒȰ ȻȫȲȷȹȽȻȳȽȳ ȳ ȼȵȶȹȸȹȼȽ SA ȷȰȽȫȶȫ ȯȫ ȼȰ ȻȫȼȽȭȹȻȰ ȼȫ ȸȹȼȫɂȫ, 
ȺȹɃȽȹ ȰȶȰȵȽȻȹȵȫȽȫȶȳȲȫ ȸȰȻȰȽȵȹ ȵȹȻȳȼȽȳ ȫȮȻȰȼȳȭȸȰ ȵȳȼȰȶȰ ȳȶȳ ȫȶȵȫȶȸȰ ȻȫȼȽȭȹȻȰ. ȚȹɃȽȹ ȼȰ 
ȭȰɕȳȸȫ ȰȶȰȵȽȻȹȵȫȽȫȶȳȽȳɂȵȳɀ ȻȰȫȵɁȳɒȫ ȹȯȭȳɒȫ Ⱦ ȭȹȯȰȸȳȷ ȻȫȼȽȭȹȻȳȷȫ, ȫȸȫȶȳȲȳȻȫȷȹ 
ȽȰȻȷȹȯȳȸȫȷȳɂȵȾ ȼȽȫȬȳȶȸȹȼȽ SA ȷȰȽȫȶȫ Ⱦ ȹȯȸȹȼȾ ȸȫ ȽȰȹȻȰȽȼȵȳ ȰȶȰȵȽȻȹɀȰȷȳɒȼȵȳ ȺȻȹȲȹȻ Ⱦ ȭȹȯȳ, 
ȹȮȻȫȸȳɂȰȸ ȻȰȫȵɁȳɒȹȷ ȰȭȹȶȾɁȳɒȰ ȭȹȯȹȸȳȵȫ (HER) ȸȫ ȵȫȽȹȯȸȹɒ ȼȽȻȫȸȳ ȳ ȻȰȫȵɁȳɒȹȷ ȰȭȹȶȾɁȳɒȰ 



49 
 

ȵȳȼȰȹȸȳȵȫ (OER) ȸȫ ȫȸȹȯȸȹɒ ȼȽȻȫȸȳ. Ȓȫ ȺȻȹɁȰȸȾ ȼȽȫȬȳȶȸȹȼȽȳ, ȷȹȱȰȷȹ ȺȹȼȷȫȽȻȫȽȳ ȻȰȫȵɁȳɒȾ 
ȫȸȫȶȹȮȸȾ ȹȸȹɒ Ⱦ ȄȰȯȸ. 18 Ȳȫ ȼȶȾɂȫɒ ȭȫȵȫȸɁȳɒȰ: 

ὓ ὢὋ ᾀὩ ᴼὓͽὢὋ (22) 

 

ȮȯȰ XG ȺȻȰȯȼȽȫȭɓȫ PG, VG, BDG, ȳȶȳ NDG. ȞȵȻȫȽȵȹ, ȼȽȫȸȯȫȻȯȸȳ ȰȶȰȵȽȻȹȯȸȳ ȺȹȽȰȸɁȳɒȫȶ Ȳȫ 
ȸȫȭȰȯȰȸȾ ȺȹȶȾ-ȻȰȫȵɁȳɒȾ (Ⱦ ȹȯȸȹȼȾ ȸȫ SHE) ȯȹȬȳɒȫ ȼȰ ȵȹȻȰȵɁȳɒȹȷ ȼȽȫȸȯȫȻȯȸȹȮ ȰȶȰȵȽȻȹȯȸȹȮ 

ȺȹȽȰȸɁȳɒȫȶȫ Ȳȫ ȺȹȶȾ-ȻȰȫȵɁȳɒȾ Mzϕ + zeϖ ɸ M(s) ȵȹȻȳȼȽȰɕȳ ȻȫȲȶȳȵȾ ȳȲȷȰɌȾ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ 
ȷȰȽȫȶȸȳɀ ȫȽȹȷȫ ȳ ȵȹɀȰȲȳȹȸȰ ȰȸȰȻȮȳɒȰ ȹȯȮȹȭȫȻȫɒȾɕȰȮ ȷȰȽȫȶȫ ȗ. ȕȹȻȳɃɕȰȸȳ ȼȾ ȼȽȫȸȯȫȻȯȸȳ 

ȰȶȰȵȽȻȹȯȸȳ ȺȹȽȰȸɁȳɒȫȶȳ Ȳȫ ȺȫȻȹȭȰ Mzϕ/M  ȸȫȭȰȯȰȸȳ Ⱦ ȝȫȬȰȶȳ 12. țȰȲȾȶȽȫȽȳ Ȳȫ ȼȶȾɂȫɒȰȭȰ Ni, Pd ȳ 
Pt SA ȺȻȳȵȫȲȫȸȳ ȼȾ ȸȫ ȜȶȳɁȳ 34. ȓȲȻȫɂȾȸȫȽȳ ȼȽȫȸȯȫȻȯȸȳ ȰȶȰȵȽȻȹȯȸȳ ȺȹȽȰȸɁȳɒȫȶȳ Ȳȫ ȼȭȰ ȺȫȻȹȭȰ 

EM
zϕ

/M@XG  (ȹȼȳȷ Ir ) ȯȫȽȳ ȼȾ Ⱦ ȝȫȬȰȶȳ 15. 

 

ȝȫȬȰȶȫ 15. ȜȽȫȸȯȫȻȯȸȳ ȰȶȰȵȽȻȹȯȸȳ ȺȹȽȰȸɁȳɒȫȶȳ Ȳȫ ȼȭȰ ȺȫȻȹȭȰ Mz+/M@XG  (Eo 
M

z+
/M@XG ). 

ȚȹȯȫɁȳ ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 

M z Eo 
M

z+
/M  / V 

Eo 
M

z+
/M@XG  / V  

PG BDG NDG VG 

Ni 2 Ĭ0.25 Ĭ1.62 Ĭ1.24 Ĭ1.63 0.92 

Cu 2 0.337 Ĭ1.14 Ĭ0.57 Ĭ1.04 0.54 

Ru 3 0.6 Ĭ0.99 Ĭ0.70 Ĭ0.88 1.24 

Rh 3 0.76 Ĭ0.56 Ĭ0.27 Ĭ0.42 1.52 

Pd 2 0.915 Ĭ0.28 Ĭ0.06 Ĭ0.29 1.70 

Ag 1 0.7996 Ĭ1.83 Ĭ0.89 Ĭ1.82 Ĭ0.11 

Ir - ȸȰȷȫ ȺȹȯȫȽȫȵȫ - - - - 

Pt 2 1.188 Ĭ0.73 Ĭ0.39 Ĭ0.54 1.97 

Au 3 1.52 0.48 0.81 0.68 1.19 

 

ȏȹȬȳɒȰȸȳ ȻȰȲȾȶȽȫȽȳ ȾȵȫȲȾɒȾ ȯȫ ȼȾ, Ⱦ ȹȺɃȽȰȷ ȼȶȾɂȫɒȾ, ȷȰȽȫȶȸȳ ȫȽȹȷȳ ȸȫ ɂȳȼȽȹȷ ȮȻȫȿȰȸȾ, 
NDG ȳ BDG ȼȵȶȹȸȳɒȳ ȻȫȼȽȭȫȻȫɔȾ ȸȰȮȹ ɃȽȹ ɒȰ ȼȶȾɂȫɒ ȼȫ ȹȯȮȹȭȫȻȫɒȾɕȳȷ ɂȳȼȽȳȷ ȷȫȼȳȭȸȳȷ 
ȷȰȽȫȶȸȳȷ ȿȫȲȫȷȫ. Ȣȫȵ ȳ ȺȶȰȷȰȸȳȽȳ ȷȰȽȫȶȳ ȺȹȺȾȽ Ag ȳ Au ȼȰ ȻȫȼȽȭȫȻȫɒȾ ȸȫ ȺȹȽȰȸɁȳɒȫȶȳȷȫ ȵȹɒȳ 
ȸȰ ȺȹȵȻȳȭȫɒȾ ɁȰȹ ȰȶȰȵȽȻȹɀȰȷȳɒȼȵȳ ȺȻȹȲȹȻ ȸȫ ȼȭȫȵȹɒ pH ȭȻȰȯȸȹȼȽȳ. ȗȰɌȾȽȳȷ, ȵȫȯȫ ȼȾ ȷȰȽȫȶȸȳ 
ȫȽȹȷȳ ȾȮȻȫɌȰȸȳ Ⱦ ȮȻȫȿȰȸȾ ȸȫ ȷȰȼȽȾ ȭȫȵȫȸɁȳɒȰ, ȹȸȳ ȺȹȼȽȫɒȾ ȼȽȫȬȳȶȸȳɒȳ ȹȯ ɂȳȼȽȳɀ ȷȰȽȫȶȸȳɀ ȿȫȲȫ, 
ȹȼȳȷ Ag ȳ Au, ȵȹɒȳ ȳȸȽȰȻȫȮȾɒȾ ȻȰȶȫȽȳȭȸȹ ȼȶȫȬȹ ȼȫ ȷȹȸȹȭȫȵȫȸɁȳɒȹȷ Ⱦ ȮȻȫȿȰȸȾ (ȝȫȬȰȶȫ 15). Ni ȳ 
Cu ȼȾ ȼȽȫȬȳȶȸȳ ȸȫ ȭȳȼȹȵȳȷ ȭȻȰȯȸȹȼȽȳȷȫ pH, ȯȹȵ Ru, Rh, Pd ȳ Pt ȸȳȵȫȯȫ ȸȰ Ȭȳ ȽȻȰȬȫȶȹ ȯȫ ȼȰ 
ȻȫȼȽȭȹȻȰ ȼȫ ȭȫȵȫȸɁȳɒȰ. ȜȽȹȮȫ, ȹȭȳ ȷȰȽȫȶȸȳ SA ȾȮȻȫɌȰȸȳ Ⱦ ȭȫȵȫȸɁȳɒȾ Ȭȳ ȽȻȰȬȫȶȹ ȯȫ ȬȾȯȾ ȼȽȫȬȳȶȸȳ 
ȳ ȸȫ ȿȫȲȸȹɒ ȮȻȫȸȳɁȳ SAC|ȭȫȵȾȾȷ ȳ ȸȫ ȿȫȲȸȹɒ ȮȻȫȸȳɁȳ SAC|ȭȹȯȰȸȳ ȰȶȰȵȽȻȹȶȳȽ (Ⱦ pH ȹȺȼȰȮȾ ȹȯ 
0 ȯȹ 14). Ȝȫ ȫȼȺȰȵȽȫ ȼȽȫȬȳȶȸȹȼȽȳ, ȹȭȫ ɂȰȽȳȻȳ ȷȹȯȰȶȫ SAC ȳȷȫɒȾ ȼȭȰ ɃȽȹ ɒȰ ȺȹȽȻȰȬȸȹ Ȳȫ 
ȺȻȫȵȽȳɂȸȾ ȺȻȳȷȰȸȾ ð ȽȻȰȬȫȶȹ Ȭȳ ȯȫ ȳɀ ɒȰ ȶȫȵȹ ȸȫȺȻȫȭȳȽȳ (ȫȮȻȰȮȫɁȳɒȫ ȸȳɒȰ ȺȹȱȰɓȸȫ), ȯȹȵ ɒȰ 
ȵȹȻȹȲȳɒȫ ȷȰȽȫȶȫ ȾȼȺȹȻȰȸȫ. 
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Ȝȶȳȵȫ 34. ȜȽȫȬȳȶȸȹȼȽ Ni, Pd ȳ Pt Ⱦ ȺȹȮȶȰȯȾ ȻȫȼȽȭȫȻȫɔȫ ȼȫ ȸȹȼȫɂȫ Ⱦ ȹȬȶȳȵȾ Mz+ ɒȹȸȫ. Ȟ ȼȭȫ ȽȻȳ 
ȼȶȾɂȫɒȫ z = 2. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 
 

5.3.4. ȝȻȰȸȯȹȭȳ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȫ ȳ ȷȹȶȰȵȾȶȫ ȸȫ M@XG ȷȹȯȰȶȳȷȫ SAC 

ȚȻȫȭȳȶȸȰ ȳȸȽȰȻȫȵɁȳɒȰ ȵȫȽȫȶȳȲȫȽȹȻȫ ȼȫ ȻȰȫȵȽȫȸȽȳȷȫ ȳ ȻȰȫȵɁȳȹȸȳȷ ȳȸȽȰȻȷȰȯȳɒȰȻȳȷȫ ȼȾ 
ȵɓȾɂȸȰ Ȳȫ ȰȿȳȵȫȼȸȾ ȵȫȽȫȶȳȲȾ. ȜȽȹȮȫ Ȭȳ ȻȫȲȾȷȰȭȫɔȰ ȽȻȰȸȯȹȭȫ ȫȯȼȹȻȺɁȳɒȰ ȳ ȻȰȫȵȽȳȭȸȹȼȽȳ ȷȹȮȶȹ 
ȯȫȽȳ Ȭȹɓȳ Ⱦȭȳȯ Ⱦ ȯȳȲȫɒȸ ȸȹȭȳɀ ȵȫȽȫȶȳȽȳɂȵȳɀ ȷȫȽȰȻȳɒȫȶȫ. ȕȫȯȫ ȼȾ Ⱦ ȺȳȽȫɔȾ ɂȭȻȼȽȰ ȷȰȽȫȶȸȰ 
ȺȹȭȻɃȳȸȰ, ȽȻȰȸȯȹȭȳ ȫȯȼȹȻȺɁȳɒȰ ȳ ȻȰȫȵȽȳȭȸȹȼȽȳ (ȫ ȼȫȷȳȷ Ƚȳȷ ȳ ȵȫȽȫȶȳȽȳɂȵȰ ȫȵȽȳȭȸȹȼȽȳ) 
ȾȼȺȰɃȸȹ ȼȾ ȺȹȭȰȲȫȸȳ ȼȫ ȰȶȰȵȽȻȹȸȼȵȹȷ ȼȽȻȾȵȽȾȻȹȷ. ȗȰɌȾȽȳȷ, ȫȸȫȶȳȲȫ DOS ȯȳɒȫȮȻȫȷȫ (ȜȶȳȵȰ 26-
29) ȾȵȫȲȾɒȰ ȯȫ ȼȾ d-ȼȽȫɔȫ ȺȹɒȰȯȳȸȫɂȸȳɀ ȫȽȹȷȫ ȷȰȽȫȶȫ ȸȫ PG, ȵȫȹ ȳ ȸȫ NDG ȳ BDG, ȭȳȼȹȵȹ 
ȶȹȵȫȶȳȲȹȭȫȸȫ, ȸȫȶȳȵ ȫȽȹȷȼȵȹȷ ȳȶȳ ȷȹȶȰȵȾȶȫȻȸȹȷ ȼȳȼȽȰȷȾ, ȯȹȵ ȼȾ Ⱦ ȼȶȾɂȫɒȾ VG d-ȼȽȫɔȫ ȷȰȽȫȶȫ 
ɃȳȻȹȵȫ ȳ ȸȫȶȳȵ ȷȰȽȫȶȸȳȷ ȺȻȹȭȹȯȸȳɁȳȷȫ. ȋȵȹ ȼȰ ȻȰȫȵȽȳȭȸȹȼȽ ȺȹȭȰȲȾɒȰ ȼȫ ȰȶȰȵȽȻȹȸȼȵȹȷ 
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ȼȽȻȾȵȽȾȻȹȷ, ȹɂȰȵȳȭȫȶȫ Ȭȳ ȼȰ ȲȸȫȽȸȫ ȻȫȲȶȳȵȫ ȻȰȫȵȽȳȭȸȹȼȽȳ ȯȫȽȹȮ ȷȰȽȫȶȸȹȮ ȫȽȹȷȫ ȯȰȺȹȸȹȭȫȸȹȮ ȸȫ 
VG, ȳ ȯȰȺȹȸȹȭȫȸȹȮ ȸȫ ȸȰȵȳ ȹȯ ȹȼȽȫȶȳɀ ȳȼȺȳȽȫȸȳɀ ȸȹȼȫɂȫ. 

ȋȸȫȶȳȲȳȻȫȸȫ ɒȰ ȫȽȹȷȼȵȫ ȫȯȼȹȻȺɁȳɒȫ H, C, N, O ȳ S, ȵȫȹ ȳ AHx ȷȹȶȰȵȾȶȫ (A = C, N, O ȳȶȳ 
S; 11 ȻȫȲȶȳɂȳȽȳɀ ȭȻȼȽȫ ȼȫ ȻȫȲȶȳɂȳȽȳȷ ȸȳȭȹȳȷȫ ȲȫȼȳɕȰɔȫ A ȭȹȯȹȸȳȵȹȷ) ȸȫ ɂȰȽȳȻȳ ȻȫȲȶȳɂȳȽȫ 
ȷȹȯȰȶȫ SAC ȼȳȼȽȰȷȫ, Ȳȫ ȼȭȫȵȳ ȹȯ ȯȰȭȰȽ ȷȰȽȫȶȫ, ɃȽȹ ɒȰ ȻȰȲȾȶȽȳȻȫȶȹ ȼȫ ȾȵȾȺȸȹ 576 ȻȫȲȶȳɂȳȽȳɀ 
ȼȳȼȽȰȷȫ. șȭȳ ȫȽȹȷȳ ȳ ȷȹȶȰȵȾȶȳ ȼȾ ȳȲȫȬȻȫȸȳ ȲȬȹȮ ɔȳɀȹȭȰ ȭȫȱȸȹȼȽȳ Ⱦ ȵȫȽȫȶȳȲȳ. H ȳ OHx ȼȾ 
ȻȰȶȰȭȫȸȽȸȳ Ȳȫ ȻȰȫȵɁȳɒȰ ȭȹȯȹȸȳɂȸȰ  ȳ ȵȳȼȰȹȸȳɂȸȰ ȰȶȰȵȽȻȹȯȰ, N ȳ NHx ȲȬȹȮ ȼȳȸȽȰȲȰ NH3 ȳ 
ȰȶȰȵȽȻȹɀȰȷȳɒȼȵȰ ȻȰȯȾȵɁȳɒȰ N2, CHx ȭȻȼȽȰ ȼȾ ȳȸȽȰȻȷȰȯȳɒȰȻȳ Ⱦ ȬȻȹɒȸȳȷ ȵȫȽȫȶȳȽȳɂȵȳȷ ȳ 
ȰȶȰȵȽȻȹȵȫȽȫȶȳȽȳɂȵȳȷ ȻȰȫȵɁȳɒȫȷȫ, ȯȹȵ ȼȾ ȼȾȷȺȹȻȸȰ ȭȻȼȽȰ ȺȹȲȸȫȽȰ ȵȫȹ ȵȫȽȫȶȳȽȳɂȵȳ ȹȽȻȹȭȳ.  

țȰȲȾȶȽȫȽȳ ȹȭȰ ȫȸȫȶȳȲȰ ȺȻȳȵȫȲȫȸȳ ȼȾ ȸȳȱȰ. Ȟ ȝȫȬȰȶȫȷȫ 16-19 ȺȻȳȵȫȲȫȸȰ ȼȾ ȰȸȰȻȮȳɒȰ 
ȫȯȼȹȻȺɁȳɒȰ ȼȭȳɀ ȺȹȷȰȸȾȽȳɀ ȭȻȼȽȫ ȸȫ ȼȭȫ ɂȰȽȳȻȳ ȷȹȯȰȶȫ SAC. Ȝ ȹȬȲȳȻȹȷ ȸȫ ȺȹȷȰȸȾȽȳ 
ȺȹȽȰȸɁȳɒȫȶȸȳ Ȳȸȫɂȫɒ M@VG ȼȳȼȽȰȷȫ (Ȝȶȳȵȫ 34), Ⱦ ȝȫȬȰȶȳ 20. ȺȻȳȵȫȲȫȸȰ ȼȾ ȭȻȰȯȸȹȼȽȳ 
ȼȽȻȾȵȽȾȻȸȳɀ ȺȫȻȫȷȰȽȫȻȫ ȭȰȲȳȭȫɔȫ H ȳ AHx ȼȳȼȽȰȷȫ ȸȫ M@VG ȷȹȯȰȶȾ SAC. țȰȲȾȶȽȫȽȳ ȺȹȵȫȲȾɒȾ 
ɒȫȵȾ ȳȸȽȰȻȫȵɁȳɒȾ ȳȲȷȰɌȾ SA ȷȰȽȫȶȫ ȸȫ ȼȭȳȷ ȳȼȺȳȽȳȭȫȸȳȷ ȸȹȼȫɂȳȷȫ ȳ ȫȯȼȹȻȬȫȽȫ ȵȹɒȳ ȸȳȼȾ 
ȺȹȽȺȾȸȹ ȲȫȼȳɕȰȸȳ ȭȹȯȹȸȳȵȹȷ. ȍȫȱȸȹ ɒȰ ȺȻȳȷȰȽȳȽȳ ȯȫ Eads(A) ȸȫ ȺȹɒȰȯȳȸȫɂȸȳȷ  ȷȰȽȫȶȸȳȷ 
ȫȽȹȷȳȷȫ (ȰȸȮȶ. single atom, SA) ȸȰ ȵȹȻȰȶȳɃȰ ȼȫ ȹȯȮȹȭȫȻȫɒȾɕȳȷ ȰȸȰȻȮȳɒȫȷȫ ȫȯȼȹȻȺɁȳɒȰ ȳȼȽȳɀ 
ȫȯȼȹȻȬȫȽȫ ȸȫ ȺȹȭȻɃȳȸȫȷȫ ȷȫȼȳȭȸȳɀ ȷȰȽȫȶȸȳɀ ȿȫȲȫ [142]. Șȫ ȺȻȳȷȰȻ, Ⱦ ȮȻȾȺȳ M@VG, SA ȲȶȫȽȫ 
ȼȾ ȸȫɒȻȰȫȵȽȳȭȸȳɒȳ ȺȻȰȷȫ ȫȽȹȷȼȵȳȷ ȫȯȼȹȻȬȫȽȳȷȫ, ȳȫȵȹ ȼȾ ȸȳȼȵȹȳȸȯȰȵȼȸȰ ȺȹȭȻɃȳȸȰ Au ȺȻȳȶȳɂȸȹ 
ȳȸȰȻȽȸȰ [143]. ȄȹɃ ɒȰȯȸȫ ȭȫȱȸȫ ȻȫȲȶȳȵȫ ȳȲȷȰɌȾ SA ȸȫ ȸȹȼȫɂȳȷȫ ȳ ȹȯȮȹȭȫȻȫɒȾɕȳɀ ȷȫȼȳȭȸȳɀ 
ȷȰȽȫȶȸȳɀ ȺȹȭȻɃȳȸȫ ɒȰ Ƚȹ ȯȫ ȸȰ ȺȹȼȽȹɒȳ ȹȺɃȽȰ ȼȶȫȬɓȰɔȰ ȳȸȽȰȻȫȵɁȳɒȰ ȳȲȷȰɌȾ SA ȳ ȫȯȼȹȻȬȫȽȫ 
ȵȫȵȹ ȹȸȳ ȺȹȼȽȫɒȾ ȲȫȼȳɕȰȸȳɒȳ ȭȹȯȹȸȳȵȹȷ, ȫȶȳ ȹȯȻȰɌȰȸȳ ȽȻȰȸȯȹȭȳ ȼȾ ȭȳȯɓȳȭȳ [142]. șɂȰȵȳȭȫȸȹ, 
ȳȸȽȰȻȫȵɁȳɒȰ ȷȹȯȰȶȫ SA ȼȫ ȺȹȽȺȾȸȹ ȲȫȼȳɕȰȸȳȷ ȷȹȶȰȵȾȶȼȵȳȷ ȫȯȼȹȻȬȫȽȳȷȫ (CH4, NH3, OH2 ȳ SH2) 
ȼȾ ȺȻȳȶȳɂȸȹ ȼȶȫȬȰ. 

ȕȫȹ ɃȽȹ ȼȰ ȭȳȯȳ ȳȲ Ȝȶȳȵȫ 36-39, ȮȯȰ ȼȾ ȻȰȶȫɁȳɒȰ ȼȵȫȶȳȻȫɔȫ ȺȻȳȵȫȲȫȸȰ ȹȯȭȹɒȰȸȹ Ȳȫ 
ȻȫȲȶȳɂȳȽȰ ȸȹȼȫɂȰ, ȼȵȫȶȳȻȫɔȰ ȳȲȷȰɌȾ Eads(A), ȳ Eads(AH) ȳȶȳ Eads(AH2), ɒȰ ȺȻȳȶȳɂȸȹ ȯȹȬȻȹ, 
ȺȹȼȰȬȸȹ ȸȫ M@VG. Ȓȫ ȼȵȹȻȹ ȼȭȰ ȫȯȼȹȻȬȫȽȰ, ȼȽȫȽȳȼȽȳɂȵȫ ȫȸȫȶȳȲȫ ȺȹȵȫȲȾɒȰ ȯȫ ȵȹȻȰȶȫɁȳɒȫ ȺȹȼȽȹɒȳ 
(ȸȫ ȸȳȭȹȾ ȲȸȫɂȫɒȸȹȼȽȳ ȹȯ 0.05). ȗȰɌȾȽȳȷ, Ȳȫ CH3 ȳ ȺȹȽȺȾȸȹ ȲȫȼȳɕȰȸȰ AHx ȭȻȼȽȰ, ȻȰȶȫɁȳɒȰ 
ȼȵȫȶȳȻȫɔȫ ȼȾ ȸȫȻȾɃȰȸȰ. ȗȹȻȫȷȹ ȸȫȺȹȷȰȸȾȽȳ ȯȫ ȸȳɒȰ ȳȲȸȰȸȫɌȾɒȾɕȰ ȯȫ ȼȵȫȶȳȻȫɔȰ ȸȰ 
ȿȾȸȵɁȳȹȸȳɃȰ Ȳȫ ȺȹȽȺȾȸȹ ȲȫȼȳɕȰȸȰ AHx ȭȻȼȽȰ, ɒȰȻ ɒȰ ȭȰȲȳȭȫɔȰ ȸȫ SA ȷȰȽȫȶ ȼȾɃȽȳȸȼȵȳ ȻȫȲȶȳɂȳȽȹ 
Ⱦ ȹȯȸȹȼȾ ȸȫ ȼȶȾɂȫɒ ȫȽȹȷȫ ȳ ȷȹȶȰȵȾȶȫȻȸȳɀ ȿȻȫȮȷȰȸȫȽȫ, ȹ ɂȰȷȾ ɕȰ ȬȳȽȳ ȻȰɂȳ ȵȫȼȸȳɒȰ. ȓȫȵȹ ȹȭȯȰ 
ȺȹȼȷȫȽȻȫȷȹ ȹȺɃȽȰ ȽȻȰȸȯȹȭȰ, ȸȫȮȶȫɃȫȭȫȷȹ ȯȫ ȻȫȲȾȷȰȭȫɔȰ ȸȫȻȾɃȰȸȳɀ ȻȰȶȫɁȳɒȫ ȼȵȫȶȳȻȫɔȫ ȷȹȱȰ 
ȺȻȾȱȳȽȳ ȵȹȻȳȼȸȰ ȼȽȻȫȽȰȮȳɒȰ Ȳȫ ȯȳȲȫɒȸ ȸȹȭȳɀ ȷȫȽȰȻȳɒȫȶȫ. 

ȒȫȵɓȾɂɁȳ Abil-Pedersenȫ ȳ ȼȫȻ. [142] ȸȰ ȷȹȮȾ ȼȰ ȯȳȻȰȵȽȸȹ ȺȻȳȷȰȸȳȽȳ ȹȭȯȰ, ɃȽȹ ɒȰ 
ȺȹȼȶȰȯȳɁȫ ȯȰȶȳȷȳɂȸȹȮ ȫȽȹȷȼȵȹȮ ȳȶȳ ȷȹȶȰȵȾȶȫȻȸȹȮ ȵȫȻȫȵȽȰȻȫ SA ȷȰȽȫȶȫ ȸȫ ȳȼȺȳȽȳȭȫȸȳȷ 
ȸȹȼȫɂȳȷȫ, ɃȽȹ ȼȰ ȷȹȱȰ ȲȫȵɓȾɂȳȽȳ ȳȲ ȹȯȮȹȭȫȻȫɒȾɕȳɀ DOS ȯȳɒȫȮȻȫȷȫ (ȜȶȳȵȰ 26-29). ȝȻȰȬȫ 
ȸȫȺȹȷȰȸȾȽȳ ȯȫ ȻȫȸȳɒȰ ȸȳȼȾ ȺȻȹȸȫɌȰȸȰ ȻȰȶȫɁȳɒȰ ȼȵȫȶȳȻȫɔȫ Ȳȫ ȵȳȼȰȹȸȳɂȸȰ ȭȻȼȽȰ ȬȳȽȸȰ Ⱦ ȻȰȫȵɁȳɒȳ 
ȻȰȯȾȵɁȳɒȰ ȵȳȼȰȹȸȳȵȫ ȸȫ SA ȷȰȽȫȶȳȷȫ ȾȮȻȫɌȰȸȳȷ Ⱦ ȻȰɃȰȽȵȾ ȮȻȫȿȰȸȫ [122]. Șȹȭȳ Ⱦȭȳȯȳ Ⱦ 
ȻȰȫȵȽȳȭȸȹȼȽ ȮȻȫȿȰȸȫ ȼȫ ɀȰȽȰȻȹȫȽȹȷȳȷȫ ȺȹȵȫȲȾɒȾ ȯȫ ȽȫȵȭȰ ȻȰȶȫɁȳɒȰ ȺȹȼȽȹɒȰ ȳ ȯȫ ɒȰ ȼȵȫȶȳȻȫɔȰ 
ȲȫȺȻȫȭȹ ȭȰȹȷȫ ȯȹȬȻȹ Ȳȫ ɃȳȻȹȵ ȼȺȰȵȽȫȻ SA ȾȮȻȫɌȰȸȳɀ Ⱦ ȻȫȲȶȳɂȳȽȰ ȮȻȫȿȰȸȼȵȰ ȺȹȭȻɃȳȸȰ [144,145]. 
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ȝȫȬȰȶȫ 16. ȐȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ (Ⱦ ɒȰȯȳȸȳɁȫȷȫ ȰV) H ȳ AHx ȼȳȼȽȰȷȫ ȸȫ M@VG ȷȹȯȰȶȾ SAC. 
ȚȹȯȫɁȳ ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 

ȗ H  A AH AH 2 AH 3 AH 4 

C 

Ni Ĭ2.01 Ĭ3.34 Ĭ3.56 Ĭ3.62 Ĭ1.89 Ĭ0.10 

Cu Ĭ2.20 Ĭ3.29 Ĭ3.83 Ĭ3.65 Ĭ2.00 Ĭ0.13 

Ru Ĭ2.44 Ĭ3.58 Ĭ3.84 Ĭ3.72 Ĭ2.34 Ĭ0.24 

Rh Ĭ2.65 Ĭ3.30 Ĭ3.68 Ĭ3.85 Ĭ2.52 Ĭ0.15 

Pd Ĭ2.05 Ĭ3.04 Ĭ3.27 Ĭ3.35 Ĭ1.64 Ĭ0.10 

Ag Ĭ2.26 Ĭ2.51 Ĭ3.11 Ĭ3.26 Ĭ1.57 Ĭ0.15 

Ir Ĭ3.26 Ĭ3.87 Ĭ4.44 Ĭ4.57 Ĭ3.15 Ĭ0.11 

Pt Ĭ2.44 Ĭ3.72 Ĭ4.13 Ĭ4.19 Ĭ2.26 Ĭ0.11 

Au Ĭ3.25 Ĭ4.34 Ĭ4.93 Ĭ4.56 Ĭ2.76 Ĭ0.27 

N 

Ni Ĭ2.50 Ĭ3.00 Ĭ2.70 Ĭ0.73  
Cu Ĭ2.42 Ĭ2.79 Ĭ2.68 Ĭ0.96  
Ru Ĭ2.36 Ĭ2.71 Ĭ2.85 Ĭ1.34  
Rh Ĭ2.24 Ĭ2.63 Ĭ3.00 Ĭ0.76  
Pd Ĭ1.94 Ĭ2.51 Ĭ2.35 Ĭ0.66  
Ag Ĭ1.26 Ĭ1.88 Ĭ2.49 Ĭ0.92  
Ir Ĭ2.99 Ĭ3.37 Ĭ3.64 Ĭ0.72  
Pt Ĭ2.73 Ĭ3.36 Ĭ2.79 Ĭ0.46  
Au Ĭ3.72 Ĭ3.70 Ĭ3.52 Ĭ1.52  

O 

Ni Ĭ4.46 Ĭ3.75 Ĭ0.36   
Cu Ĭ3.84 Ĭ3.43 Ĭ0.52   
Ru Ĭ3.85 Ĭ3.83 Ĭ0.79   
Rh Ĭ3.97 Ĭ3.91 Ĭ0.40   
Pd Ĭ3.92 Ĭ3.34 Ĭ0.32   
Ag Ĭ2.97 Ĭ3.28 Ĭ0.50   
Ir Ĭ4.90 Ĭ4.49 Ĭ0.27   
Pt Ĭ4.75 Ĭ3.65 Ĭ0.19   
Au Ĭ4.89 Ĭ4.14 Ĭ0.48   

S 

Ni Ĭ3.78 Ĭ2.91 Ĭ0.62   
Cu Ĭ3.46 Ĭ3.01 Ĭ0.73   
Ru Ĭ3.27 Ĭ3.09 Ĭ1.09   
Rh Ĭ3.34 Ĭ3.30 Ĭ0.76   
Pd Ĭ3.46 Ĭ2.81 Ĭ0.45   
Ag Ĭ3.00 Ĭ2.87 Ĭ0.74   
Ir Ĭ4.10 Ĭ3.84 Ĭ0.83   
Pt Ĭ4.28 Ĭ3.21 Ĭ0.72   
Au Ĭ4.62 Ĭ3.74 Ĭ1.12   
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ȝȫȬȰȶȫ 17. ȐȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ (Ⱦ ɒȰȯȳȸȳɁȫȷȫ ȰV) H ȳ AHx ȼȳȼȽȰȷȫ ȸȫ M@PG ȷȹȯȰȶȾ SAC. 
ȚȹȯȫɁȳ ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 

ȗ H  A AH AH 2 AH 3 AH 4 

C 

Ni Ĭ2.51 Ĭ3.95 Ĭ4.50 Ĭ4.27 Ĭ2.25 Ĭ0.85 

Cu Ĭ3.37 Ĭ3.41 Ĭ4.32 Ĭ4.51 Ĭ3.09 Ĭ0.06 

Ru Ĭ2.21 Ĭ6.74 Ĭ5.68 Ĭ4.37 Ĭ2.04 Ĭ0.29 

Rh Ĭ1.94 Ĭ5.55 Ĭ5.43 Ĭ4.44 Ĭ2.38 Ĭ0.31 

Pd Ĭ1.97 Ĭ3.26 Ĭ3.52 Ĭ3.49 Ĭ1.64 Ĭ0.35 

Ag Ĭ2.58 Ĭ2.30 Ĭ3.02 Ĭ3.37 Ĭ2.17 Ĭ0.07 

Ir Ĭ3.03 Ĭ6.43 Ĭ7.45 Ĭ5.25 Ĭ2.81 Ĭ1.00 

Pt Ĭ2.76 Ĭ5.39 Ĭ4.91 Ĭ4.91 Ĭ2.41 Ĭ0.99 

Au Ĭ3.53 Ĭ3.70 Ĭ4.08 Ĭ4.45 Ĭ3.09 Ĭ0.11 

N 

Ni Ĭ2.72 Ĭ3.26 Ĭ3.12 Ĭ1.62  
Cu Ĭ2.80 Ĭ3.13 Ĭ3.50 Ĭ1.30  
Ru Ĭ4.56 Ĭ4.19 Ĭ3.25 Ĭ1.39  
Rh Ĭ3.28 Ĭ3.20 Ĭ2.67 Ĭ1.18  
Pd Ĭ2.04 Ĭ2.10 Ĭ2.15 Ĭ1.31  
Ag Ĭ1.66 Ĭ2.09 Ĭ1.99 Ĭ0.27  
Ir Ĭ4.76 Ĭ4.99 Ĭ3.49 Ĭ2.00  
Pt Ĭ3.05 Ĭ3.05 Ĭ3.11 Ĭ1.94  
Au Ĭ2.72 Ĭ2.82 Ĭ2.96 Ĭ0.83  

O 

Ni Ĭ4.24 Ĭ3.83 Ĭ0.92   
Cu Ĭ3.90 Ĭ4.43 Ĭ0.62   
Ru Ĭ4.81 Ĭ4.07 Ĭ0.63   
Rh Ĭ3.98 Ĭ3.61 Ĭ0.60   
Pd Ĭ2.82 Ĭ2.74 Ĭ0.69   
Ag Ĭ2.34 Ĭ3.32 Ĭ0.07   
Ir Ĭ4.98 Ĭ4.52 Ĭ1.16   
Pt Ĭ4.00 Ĭ3.56 Ĭ1.05   
Au Ĭ3.26 Ĭ3.64 Ĭ0.24   

S 

Ni Ĭ3.92 Ĭ3.38 Ĭ1.68   
Cu Ĭ3.79 Ĭ3.91 Ĭ0.97   
Ru Ĭ4.64 Ĭ3.55 Ĭ1.12   
Rh Ĭ3.85 Ĭ3.24 Ĭ1.23   
Pd Ĭ2.83 Ĭ2.53 Ĭ1.35   
Ag Ĭ2.65 Ĭ3.05 Ĭ0.12   
Ir Ĭ4.67 Ĭ4.12 Ĭ2.14   
Pt Ĭ3.97 Ĭ3.48 Ĭ2.07   
Au Ĭ3.42 Ĭ3.49 Ĭ0.62   
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ȝȫȬȰȶȫ 18. ȐȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ (Ⱦ ɒȰȯȳȸȳɁȫȷȫ ȰV) H ȳ AHx ȼȳȼȽȰȷȫ (A = C, N, O ȳ S) ȸȫ 
M@NDG ȷȹȯȰȶȾ SAC. ȚȹȯȫɁȳ ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 

M H  A AH AH 2 AH 3 AH 4 

C 

Ni Ĭ2.79 Ĭ4.02 Ĭ4.61 Ĭ4.34 Ĭ2.44 Ĭ0.84 

Cu Ĭ3.07 Ĭ3.12 Ĭ4.10 Ĭ4.21 Ĭ2.80 Ĭ0.09 

Ru Ĭ2.83 Ĭ6.46 Ĭ5.58 Ĭ5.07 Ĭ2.55 Ĭ0.31 

Rh Ĭ2.58 Ĭ5.14 Ĭ5.12 Ĭ4.31 Ĭ2.20 Ĭ0.36 

Pd Ĭ2.22 Ĭ3.38 Ĭ3.73 Ĭ3.66 Ĭ1.83 Ĭ0.58 

Ag Ĭ2.73 Ĭ2.30 Ĭ3.23 Ĭ3.53 Ĭ2.28 Ĭ0.07 

Ir Ĭ3.24 Ĭ6.83 Ĭ7.13 Ĭ5.52 Ĭ2.93 Ĭ0.95 

Pt Ĭ3.30 Ĭ5.06 Ĭ4.79 Ĭ4.74 Ĭ2.89 Ĭ0.60 

Au Ĭ2.89 Ĭ3.11 Ĭ3.49 Ĭ3.80 Ĭ2.46 Ĭ0.10 

N 

Ni Ĭ2.77 Ĭ3.32 Ĭ3.60 Ĭ1.59  
Cu Ĭ2.51 Ĭ2.84 Ĭ3.18 Ĭ1.17  
Ru Ĭ4.35 Ĭ4.08 Ĭ3.29 Ĭ1.36  
Rh Ĭ2.98 Ĭ3.05 Ĭ2.63 Ĭ1.27  
Pd Ĭ2.07 Ĭ2.21 Ĭ2.52 Ĭ1.30  
Ag Ĭ1.82 Ĭ1.44 Ĭ2.20 Ĭ0.61  
Ir Ĭ4.74 Ĭ4.02 Ĭ3.72 Ĭ2.01  
Pt Ĭ2.91 Ĭ3.20 Ĭ3.37 Ĭ1.66  
Au Ĭ2.09 Ĭ2.19 Ĭ2.34 Ĭ0.85  

O 

Ni Ĭ4.33 Ĭ4.29 Ĭ0.94   
Cu Ĭ3.72 Ĭ4.26 Ĭ0.65   
Ru Ĭ4.84 Ĭ3.90 Ĭ0.69   
Rh Ĭ3.75 Ĭ3.46 Ĭ0.60   
Pd Ĭ3.11 Ĭ3.33 Ĭ0.71   
Ag Ĭ2.77 Ĭ3.34 Ĭ0.14   
Ir Ĭ5.12 Ĭ4.36 Ĭ1.16   
Pt Ĭ4.10 Ĭ4.00 Ĭ0.85   
Au Ĭ2.80 Ĭ3.15 Ĭ0.35   

S 

Ni Ĭ4.03 Ĭ3.94 Ĭ1.69   
Cu Ĭ3.58 Ĭ3.72 Ĭ0.79   
Ru Ĭ4.61 Ĭ3.47 Ĭ1.43   
Rh Ĭ3.76 Ĭ3.16 Ĭ1.33   
Pd Ĭ3.11 Ĭ3.04 Ĭ1.32   
Ag Ĭ2.88 Ĭ3.04 Ĭ0.18   
Ir Ĭ4.77 Ĭ4.22 Ĭ1.97   
Pt Ĭ4.04 Ĭ3.80 Ĭ1.72   
Au Ĭ2.99 Ĭ2.94 Ĭ0.60   
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ȝȫȬȰȶȫ 19. ȐȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ (Ⱦ ɒȰȯȳȸȳɁȫȷȫ ȰV) H ȳ AHx ȼȳȼȽȰȷȫ (A = C, N, O ȳ S) ȸȫ 
M@BDG ȷȹȯȰȶȾ SAC. ȚȹȯȫɁȳ ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 

M H  A AH AH 2 AH 3 AH 4 

C 

Ni Ĭ2.40 Ĭ4.55 Ĭ4.93 Ĭ4.23 Ĭ2.19 Ĭ0.76 

Cu Ĭ2.47 Ĭ2.84 Ĭ3.80 Ĭ3.96 Ĭ2.21 Ĭ0.33 

Ru Ĭ2.81 Ĭ6.36 Ĭ5.62 Ĭ4.93 Ĭ2.70 Ĭ0.25 

Rh Ĭ2.81 Ĭ6.12 Ĭ5.12 Ĭ4.92 Ĭ2.47 Ĭ0.29 

Pd Ĭ2.34 Ĭ3.99 Ĭ3.79 Ĭ3.37 Ĭ1.50 Ĭ0.54 

Ag Ĭ2.02 Ĭ2.17 Ĭ2.84 Ĭ3.08 Ĭ1.68 Ĭ0.26 

Ir Ĭ3.58 Ĭ6.99 Ĭ6.82 Ĭ6.12 Ĭ3.31 Ĭ0.39 

Pt Ĭ3.09 Ĭ5.44 Ĭ5.44 Ĭ4.77 Ĭ2.85 Ĭ0.82 

Au Ĭ2.87 Ĭ3.23 Ĭ3.65 Ĭ4.04 Ĭ2.46 Ĭ0.23 

N 

Ni Ĭ2.90 Ĭ3.31 Ĭ3.01 Ĭ1.56  

Cu Ĭ2.12 Ĭ2.50 Ĭ2.94 Ĭ1.75  

Ru Ĭ5.00 Ĭ3.96 Ĭ3.64 Ĭ1.57  

Rh Ĭ3.86 Ĭ3.80 Ĭ3.05 Ĭ1.38  

Pd Ĭ2.14 Ĭ2.36 Ĭ1.97 Ĭ1.26  

Ag Ĭ1.29 Ĭ1.60 Ĭ2.03 Ĭ1.17  

Ir Ĭ5.48 Ĭ5.34 Ĭ4.11 Ĭ1.80  

Pt Ĭ3.20 Ĭ3.30 Ĭ3.17 Ĭ1.75  

Au Ĭ2.12 Ĭ2.32 Ĭ2.60 Ĭ1.30  

O 

Ni Ĭ4.09 Ĭ3.87 Ĭ0.92   

Cu Ĭ3.37 Ĭ3.68 Ĭ1.07   

Ru Ĭ5.21 Ĭ4.43 Ĭ1.02   

Rh Ĭ4.28 Ĭ3.82 Ĭ0.64   

Pd Ĭ2.79 Ĭ2.81 Ĭ0.72   

Ag Ĭ2.27 Ĭ2.76 Ĭ0.64   

Ir Ĭ6.05 Ĭ4.58 Ĭ1.05   

Pt Ĭ3.88 Ĭ3.54 Ĭ0.94   

Au Ĭ2.85 Ĭ3.25 Ĭ0.60   

S 

Ni Ĭ3.73 Ĭ3.24 Ĭ1.52   

Cu Ĭ3.20 Ĭ3.24 Ĭ1.48   

Ru Ĭ4.62 Ĭ3.32 Ĭ1.42   

Rh Ĭ4.12 Ĭ3.34 Ĭ1.55   

Pd Ĭ2.72 Ĭ2.34 Ĭ1.28   

Ag Ĭ2.37 Ĭ2.54 Ĭ0.93   

Ir Ĭ5.73 Ĭ4.30 Ĭ2.15   

Pt Ĭ3.90 Ĭ3.46 Ĭ1.90   

Au Ĭ2.97 Ĭ3.05 Ĭ1.19   
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ȝȫȬȰȶȫ 20. ȍȻȰȯȸȹȼȽȳ ȼȽȻȾȵȽȾȻȸȳɀ ȺȫȻȫȷȰȽȫȻȫ ȫȯȼȹȻȺɁȳɒȰ H ȳ AHx ȭȻȼȽȫ (x = 0, 1, 2, 3, and 4) ȸȫ 
M@VG ȷȹȯȰȶȾ SAC. ȏȰȽȫɓȸȳɒȰ ȹȬɒȫɃɔȰɔȰ ȺȫȻȫȷȰȽȫȻȫ ȯȫȽȹ ɒȰ ȸȫ ȜȶȳɁȳ 35. ȚȹȯȫɁȳ 
ȻȰȺȻȹȯȾȵȹȭȫȸȳ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 

 ȷȰɌȾȫȽȹȷȼȵȹ ȻȫȼȽȹɒȫɔȰ / ᴠ  

 H C CH CH2 CH3 CH4
* 

M G-M M-H G-M M-ȋ G-M M-ȋ ȋ-H G-M M-ȋ ȋ-H G-M M-ȋ ȋ-H G-M M-H1 H1-ȋ ȋ-H 
Ni 1.82 1.55 1.83 1.73 1.84 1.73 1.11 1.81 1.76 1.10 1.92 1.96 1.10 1.80 2.34 1.11 1.10 
Cu 1.88 1.52 1.87 1.71 1.88 1.69 1.10 1.90 1.81 1.10 1.88 1.95 1.10 1.88 2.14 1.11 1.10 
Ru 1.91 1.69 1.96 1.81 1.95 1.84 1.11 1.92 2.02 1.10 1.92 2.10 1.10 1.92 2.07 1.12 1.10 
Rh 1.90 1.68 1.95 1.87 1.93 1.97 1.10 1.91 2.03 1.10 1.91 2.09 1.10 1.95 2.80 1.11 1.10 
Pd 1.95 1.67 1.98 1.89 1.96 1.91 1.11 1.96 1.95 1.10 1.96 2.14 1.10 1.96 2.51 1.11 1.10 
Ag 2.12 1.67 2.13 1.95 2.12 2.00 1.10 2.13 2.06 1.10 2.23 2.15 1.10 2.21 2.15 1.11 1.10 
Ir 1.92 1.68 1.95 1.88 1.94 1.94 1.09 1.93 2.02 1.10 1.92 2.09 1.10 1.91 2.59 1.11 1.10 
Pt 1.98 1.70 1.99 1.90 1.99 1.88 1.10 1.97 1.94 1.10 1.98 2.12 1.10 1.92 2.30 1.11 1.10 
Au 2.06 1.64 2.05 1.80 2.05 1.78 1.10 2.10 1.92 1.10 2.07 2.10 1.10 2.08 2.40 1.11 1.10 

  N NH NH2 NH3  

   G-M M-ȋ G-M M-ȋ ȋ-H G-M M-ȋ ȋ-H G-M M-ȋ ȋ-H     
Ni   1.82 1.58 1.81 1.67 1.03 1.83 1.82 1.02 1.83 2.15 1.03     
Cu   1.87 1.64 1.91 1.67 1.02 1.94 1.81 1.02 1.94 2.08 1.02     
Ru   1.94 1.89 1.94 1.92 1.04 1.92 2.02 1.03 1.92 2.23 1.03     
Rh   1.92 1.96 1.92 1.95 1.04 1.91 2.00 1.03 1.93 2.30 1.02     
Pd   1.98 1.71 1.96 1.84 1.04 1.98 2.00 1.02 1.99 2.37 1.02     
Ag   2.06 1.83 2.10 1.88 1.03 2.10 2.01 1.02 2.22 2.28 1.02     
Ir   1.96 1.79 1.94 1.85 1.03 1.93 1.98 1.03 1.94 2.29 1.03     
Pt   1.98 1.83 1.97 1.85 1.03 2.00 2.00 1.02 1.99 2.43 1.02     
Au   2.03 1.75 2.05 1.80 1.02 2.04 1.96 1.02 1.98 2.21 1.03     

  O OH OH2   

   G-M M-ȋ G-M M-ȋ ȋ-H G-M M-ȋ ȋ-H        
Ni   1.81 1.63 1.83 1.78 0.98 1.81 2.23 0.98        
Cu   1.90 1.67 1.93 1.76 0.97 1.90 2.16 0.98        
Ru   1.95 1.84 1.92 1.99 0.98 1.92 2.26 0.98        
Rh   1.94 1.79 1.91 1.97 0.98 1.92 2.44 0.98        
Pd   1.95 1.78 1.97 1.99 0.98 1.97 2.51 0.98        
Ag   2.09 1.89 2.10 2.02 0.98 2.22 2.39 0.98        
Ir   1.94 1.79 1.92 1.96 0.98 1.93 2.55 0.98        
Pt   1.97 1.81 1.99 2.00 0.98 1.95 2.95 0.98        
Au   2.05 1.81 2.03 1.98 0.98 2.02 2.47 0.98        

  S SH SH2   

   G-M M-ȋ G-M M-ȋ ȋ-H G-M M-ȋ ȋ-H        
Ni   1.81 1.99 1.83 2.16 1.36 1.81 2.38 1.36        
Cu   1.92 2.02 1.90 2.15 1.36 1.93 2.30 1.36        
Ru   1.94 2.20 1.93 2.32 1.36 1.92 2.41 1.36        
Rh   1.93 2.16 1.92 2.31 1.36 1.94 2.48 1.36        
Pd   1.96 2.14 1.98 2.33 1.36 1.97 2.64 1.36        

Ag   2.11 2.21 2.12 2.33 1.36 2.35 2.47 1.36        
Ir   1.93 2.16 1.92 2.30 1.36 1.95 2.46 1.36        
Pt   1.97 2.15 1.99 2.32 1.36 2.00 2.53 1.36        
Au   2.06 2.15 2.05 2.29 1.36 2.00 2.41 1.36        

*ȭȰȲȾɒȰ ȼȰ Ȳȫ ȫȽȹȷ ȷȰȽȫȶȫ ȺȻȰȵȹ ȭȹȯȹȸȳȵȫ (H1) 
G-M ð ȸȫɒȵȻȫɕȰ ȻȫȼȽȹɒȫɔȰ ȳȲȷȰɌȾ ȫȽȹȷȫ ȾȮɓȰȸȳȵȫ ȮȻȫȿȰȸȼȵȰ ȺȹȯȶȹȮȰ ȳ ȫȽȹȷȫ ȷȰȽȫȶȫ 
Ȓȫ ȼȳȼȽȰȷȰ ȼȫ ȭȳɃȰ ȫȽȹȷȫ ȭȹȯȹȸȳȵȫ, ȯȫȽȫ ɒȰ ȼȫȷȹ ɒȰȯȸȫ ȯȾȱȳȸȫ ȋ-H ȭȰȲȰ, ȬȾȯȾɕȳ ȯȫ ȸȳɒȰ Ȭȳȶȹ ȻȫȲȶȳȵȰ ȳȲȷȰɌȾ ɔȳɀ, ȳȶȳ ɒȰ ȹȸȫ Ȭȳȶȫ 

ȷȫɔȫ ȹȯ 0.01 ᴠ. 
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Ȝȶȳȵȫ 35. ȜȽȻȾȵȽȾȻȸȳ ȺȫȻȫȷȰȽȻȳ ȫȯȼȹȻȺɁȳɒȰ H ȳ AHx ȭȻȼȽȫ (x = 0, 1, 2, 3, and 4) ȸȫ M@VG 
ȷȹȯȰȶȾ SAC. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 
 
 

 
Ȝȶȳȵȫ 36. țȰȶȫɁȳɒȰ ȼȵȫȶȳȻȫɔȫ ȳȲȷȰɌȾ Eads(C) ȳ Eads(CHx) (x = 1, 2, 3, 4) Ȳȫ ȼȭȫ 4 ȳȼȺȳȽȫȸȫ ȷȹȯȰȶȫ 
SAC. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 
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Ȝȶȳȵȫ 37. țȰȶȫɁȳɒȰ ȼȵȫȶȳȻȫɔȫ ȳȲȷȰɌȾ Eads(N) ȳ Eads(NHx) (x = 1, 2, 3, 4) Ȳȫ ȼȭȫ 4 ȳȼȺȳȽȫȸȫ ȷȹȯȰȶȫ 
SAC. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 
 

 
Ȝȶȳȵȫ 38. țȰȶȫɁȳɒȰ ȼȵȫȶȳȻȫɔȫ ȳȲȷȰɌȾ Eads(O) ȳ Eads(OHx) (x = 1, 2, 3, 4) Ȳȫ ȼȭȫ 4 ȳȼȺȳȽȫȸȫ ȷȹȯȰȶȫ 
SAC. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 
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Ȝȶȳȵȫ 39. țȰȶȫɁȳɒȰ ȼȵȫȶȳȻȫɔȫ ȳȲȷȰɌȾ Eads(S) ȳ Eads(SHx) (x = 1, 2, 3, 4) Ȳȫ ȼȭȫ 4 ȳȼȺȳȽȫȸȫ ȷȹȯȰȶȫ 
SAC. ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © John Wiley and Sons (2021). 
 

ȏȫ Ȭȳ ȼȰ ȺȹȽȭȻȯȳȶȫ ȹȺɃȽȫ ȭȰȲȫ ȳȲȷȰɌȾ ȰȶȰȵȽȻȹȸȼȵȰ ȼȽȻȾȵȽȾȻȰ ȳ ȻȰȫȵȽȳȭȸȹȼȽȳ ȷȰȽȫȶȸȳɀ 
SA ȸȫ ȻȫȲȶȳɂȳȽȳȷ ȸȹȼȫɂȳȷȫ, ȺȻȹȭȰȻȰȸ ɒȰ ɒȹɃ ɒȰȯȫȸ ȽȳȺ ȼȵȫȶȳȻȫɔȫ. ȗȰȽȫȶȸȳ SA ȻȰȶȫȽȳȭȸȹ ȼȶȫȬȹ 
ȳȸȽȰȻȫȮȾɒȾ ȼȫ ɂȳȼȽȳȷ ȮȻȫȿȰȸȹȷ, ȵȫȹ ȳ ȼȫ NDG ȳ BDG (ȝȫȬȰȶȫ 13), Ⱥȫ ȼȾ ȳ ȮȾȼȽȳȸȰ ȼȽȫɔȫ SA ȸȫ 
ȹȭȳȷ ȸȹȼȫɂȳȷȫ ȻȰȶȫȽȳȭȸȹ ȼȶȳɂȸȰ (Ȝȶȳȵȫ 26-28). ȜȶȳɂȸȹȼȽ ȰȶȰȵȽȻȹȸȼȵȰ ȼȽȻȾȵȽȾȻȰ ȽȻȰȬȫȶȹ Ȭȳ ȯȫ 
ȻȰȲȾȶȽȳȻȫ ȼȶȳɂȸȹȷ ȻȰȫȵȽȳȭȸȹɃɕȾ, ɃȽȹ ɒȰ ȳ ȺȹȽȭȻɌȰȸȹ ȵȫȯȫ ȼȰ ȰȸȰȻȮȳɒȰ ȫȯȼȹȻȺɁȳɒȰ ȸȫ M@PG 
ȵȹȻȰȶȳɃȾ ȼȫ ȰȸȰȻȮȳɒȫȷȫ ȫȯȼȹȻȺɁȳɒȰ ȸȫ M@NDG ȳ M@BDG (Ȝȶȳȵȫ 40, ȶȰȭȹ ȮȹȻȰ ȳ ȶȰȭȹ 
ȼȻȰȯȳȸȫ). ȗȸȹȮȹ ɒȫɂȰ ȳȸȽȰȻȫȵɁȳɒȰ SA ȼȫ ȭȫȵȫȸɁȳɒȹȷ (ȝȫȬȰȶȫ 13) ȯȹȭȹȯȰ ȯȹ ȭȰɕȳɀ ȺȻȹȷȰȸȫ Ⱦ 
ȰȶȰȵȽȻȹȸȼȵȹɒ ȼȽȻȾȵȽȾȻȳ SA, Ⱥȫ ɒȰ ȳ ȵȹȻȰȶȫɁȳɒȫ ȳȲȷȰɌȾ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȼȵȳɀ ȳ 
ȷȹȶȰȵȾȶȼȵȳɀ ȫȯȼȹȻȬȫȽȫ ȸȫ M@VG ȷȸȹȮȹ ȼȶȫȬȳɒȫ Ⱦ ȺȹȻȰɌȰɔȾ ȼȫ ȹȯȮȹȭȫȻȫɒȾɕȳȷ ȰȸȰȻȮȳɒȫȷȫ 
ȫȯȼȹȻȺɁȳɒȰ ȸȫ M@PG (Ȝȶȳȵȫ 40, ȶȰȭȹ ȯȹȶȰ). Ȝȫ ȺȻȳȵȫȲȫȸȳɀ ȳȸȽȰȮȻȳȼȫȸȳɀ ȶȹȵȫȶȸȳɀ ȮȾȼȽȳȸȫ 
ȼȽȫɔȫ (ILDOS) Ȳȫ Pt ȳ Au SA ȸȫ ȻȫȲȶȳɂȳȽȳȷ ȺȹȯȶȹȮȫȷȫ (Ȝȶȳȵȫ 40, ȯȰȼȸȹ) ȼȰ ȽȫȵȹɌȰ ɒȫȼȸȹ ȭȳȯȳ ȯȫ 
ȼȾ Au ȳ Pt (ȳ ȯȻȾȮȳ SA) ȸȫ PG, NDG ȳ BDG ȳ ȯȫɓȰ ȯȹȼȽȫ ȸȫȶȳȵ ȼȶȹȬȹȯȸȳȷ ȫȽȹȷȳȷȫ, ɒȰȻ 
ȳȸȽȰȻȫȵɁȳɒȫ ȼȫ ȺȹȯȶȹȮȹȷ ȻȰȶȫȽȳȭȸȹ ȼȶȫȬȹ ȸȫȻȾɃȫȭȫ ȰȶȰȵȽȻȹȸȼȵȾ ȼȽȻȾȵȽȾȻȾ SA. ȗȰɌȾȽȳȷ, d-
ȼȽȫɔȫ SA ȸȫ VG ȼȾ ɒȫȵȹ ɀȳȬȻȳȯȳȲȹȭȫȸȫ ȼȫ Ǯ ȼȳȼȽȰȷȹȷ ȮȻȫȿȰȸȫ ȳ ȸȫȶȳȵ ȼȾ ȷȰȽȫȶȸȹȷ ȺȻȹȭȹȯȸȳȵȾ, 
ɃȽȹ ɒȰ ȺȻȳȵȫȲȫȸȹ ȸȫ DOS ȯȳɒȫȮȻȫȷȾ ȸȫ ȜȶȳɁȳ 29. ȕȫȹ ȹȺɃȽȰ ȺȻȫȭȳȶȹ, ȷȹȱȰ ȼȰ ȻȰɕȳ ȯȫ 
M@NDG ȳ M@BDG ȭȰȲȾɒȾ ȳȼȺȳȽȳȭȫȸȰ ȫȯȼȹȻȬȫȽȰ ȼȶȳɂȸȹ ȵȫȹ M@PG. ȏȹȺȫȸȽ Ⱦ ȻȰɃȰȽȵȳ 
ȮȻȫȿȰȸȫ ȬȶȫȮȹ ȷȹȯȳȿȳȵȾɒȰ ȭȰȲȳȭȫɔȰ ȷȰȽȫȶȫ ȸȫ ȸȹȼȫɂȾ. 
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Ȝȶȳȵȫ 40. ȕȹȻȰȶȫɁȳɒȫ ȰȸȰȻȮȳɒȫ ȫȯȼȹȻȺɁȳɒȰ ȫȽȹȷȼȵȳɀ ȳ ȷȹȶȰȵȾȶȼȵȳɀ ȭȻȼȽȫ ȸȫ M@PG ȳ 
M@NDG (ȮȹȻȰ ȶȰȭȹ), M@BDG (ȼȻȰȯȳȸȫ ȶȰȭȹ) ȳ M@VG (ȯȹȶȰ ȶȰȭȹ). Ȝȫ ȯȰȼȸȰ ȼȽȻȫȸȰ ȼȾ 
ȺȻȳȵȫȲȫȸȰ ȳȲȹȺȹȭȻɃȳȸȰ ȳȸȽȰȮȻȳȼȫȸȳɀ ȶȹȵȫȶȸȳɀ ȮȾȼȽȳȸȫ ȼȽȫɔȫ. ȓȸȽȰȮȻȫɁȳɒȫ ɒȰ ȭȻɃȰȸȫ Ⱦ 
ȹȺȼȰȮȾ ȰȸȰȻȮȳɒȫ ȵȹɒȳ ȹȯȮȹȭȫȻȫ d-ȼȽȫɔȳȷȫ ȷȰȽȫȶȫ (ȜȶȳȵȰ 27-29). ȚȻȰȾȲȰȽȹ ȳȲ ȻȰȿ. [139], © John 
Wiley and Sons (2021). 
 

5.3.5. ȕȫȽȫȶȳȲȫ ȸȫ ȷȹȯȰȶȸȳȷ SAC ȼȳȼȽȰȷȳȷȫ ð ȼȶȾɂȫɒ ȻȰȫȵɁȳɒȰ ȳȲȯȭȫɒȫɔȫ 

ȭȹȯȹȸȳȵȫ 

ȏȹ ȼȫȯȫ ȺȻȰȯȼȽȫȭɓȰȸȳ ȼȵȾȺȹȭȳ ȺȹȯȫȽȫȵȫ ȹ ȰȸȰȻȮȳɒȫȷȫ ȫȯȼȹȻȺɁȳɒȰ ȳȼȺȳȽȫȸȳɀ ɒȰȯȸȹȼȽȫȭȸȳɀ 
ȫȯȼȹȻȬȫȽȫ ȷȹȮȾ ȼȰ ȵȹȻȳȼȽȳȽȳ Ȳȫ ȫȸȫȶȳȲȾ ȻȫȲȶȳɂȳȽȳɀ ɀȰȷȳɒȼȵȳɀ ȳ ȰȶȰȵȽȻȹɀȰȷȳɒȼȵȳɀ ȺȻȹɁȰȼȫ ȸȫ 
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