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o ʕʣʝʢʪʨʦʭʠʤʠʷ - ʵʪʦ ʨʘʟʜʝʣ ʭʠʤʠʯʝʩʢʦʡ ʥʘʫʢʠ, ʚ ʢʦʪʦʨʦʤ ʠʟʫʯʘʶʪʩʷ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʠʦʥʥʳʭ ʩʠʩʪʝʤ, ʘ ʪʘʢʞʝ ʧʨʦʮʝʩʩʳ ʠ ʷʚʣʝʥʠʷ ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ ʬʘʟ ʩ ʫʯʘʩʪʠʝʤ 

ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ (ʵʣʝʢʪʨʦʥʦʚ ʠʣʠ ʠʦʥʦʚ)

ʠʦʥʠʢʘʵʣʝʢʪʨʦʜʠʢʘ

͔̏ͭͪͦ͟͡ͻ͙͙ͣΎ

͔̏ͭͪͦ͒͟͡

Ή͔ͭͪͦͤͤ͊͟͡Ύ ͙͙͡ 
͔ͫͣ΄͊ͤͤ͊Ύ 
͍͙ͨͪͦͦ͒ͣͦͫͭΈ

ˢ͒ͫͦͪ͋ͼ͙Ύ

˽͔͔ͪͤͦͫ Ή͔ͭͪͦͤ͊͟͡

˸͔͔͊ͫͫͦͨͪͤͦͫ

͔͙̏ͭͪͦͭ͟͡͡

͙ͦͤͤ͊Ύ 
͍͙ͨͪͦͦ͒ͣͦͫͭΈ



˿ͭͪͯͭͯͪ͊͟ ͯͪͫ͊͟
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у ͔͟͡ͼ͙͚ ͨͦ Ή͔ͭͪͦ͟͡ͻ͙͙͙ͣ

- ˾͔΄͔͙ͤΎ ͊͒͊͘; 
- ˴ͦͤͭͪͦ͡Έͤ͊Ύ ͪ͊͋ͦͭ͊ 

_________________________________

о ͔͟͡ͼ͙͙ ͨͦ ͻ͙͙͙ͣ ͍·͙ͫͦ͟ͻ Ή͔͎͙͚ͤͪ
˾͔΄͔͙͔ͤ ͙͙͍͙ͤ͒͒ͯ͊͡Έ͚ͤͦ ͊͒͊͘;͙ ͨͦ ̆ˤ̏ 
ό͊͘;͔ͭκ͔ͤ ͊͘;͔ͭύ

_________________________

͔̏͊ͣͤ͘͟ 
ˤ͙͊ͪ͊ͤͭ мύζ͍͊ͭͦͣ͊ͭη ͨͦ ͙͎ͭͦ͊ͣ ͪ͊͋ͦͭ· ͍ 
͔͔͔ͫͣͫͭͪ

ˤ͙͊ͪ͊ͤͭ нύͦͤͭͪͦ͟͡Έͤ͊Ύ ͪ͊͋ͦͭ͊ ͒͡Ύ ͒ͦͨͯͫ͊͟ 
͟ ͯͫͭͤͦͣͯ Ή͔͊ͣͤͯ͘͟ ͨͦ ͙͔͙͋ͭ͊ͣ͡ ͔͊ͭͣ͘ 
Ή͔͊ͣͤ͘͟

http://www.elch.chem.msu.ru/rus/wp/index.php/dopglavi/ 

http://www.elch.chem.msu.ru/rus/wp/index.php/dopglavi/


͔̏ͭͪͦ͟͡ͻ͙͙ͣ;͔ͫ͊͟Ύ Ή͔͎͔͙ͤͪͭ͊͟
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͙͍́ͦͨͤ͡·͔ Ή͔͔ͣͤͭ͡· ͫ ͙͔͚ͨͦͣͪͤͦ͡ ͔͚ͣͣ͋ͪ͊ͤͦ
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Ç ͙͍́ͦͨͤ͡·͚ Ή͔͔ͣͤͭ͡ -Ήͭͦ Ή͔ͭͪͦ͟͡ͻ͙͙ͣ;͔͔ͫͦ͟ ͚͍ͯͫͭͪͦͫͭͦΣ 
ͻ͙͙ͣ;͔͙͚ͫ͟ ͙ͫͭͦ;͙ͤ͟ ͭͦ͊͟Σ ͔ͨͪͦ͋ͪ͊ͯ͘Ό΅͙͚ ͻ͙͙ͣ;͔ͫͯ͟Ό Ή͔͎͙ͤͪΌ 
͙͍ͭͦͨ͊͡ ͍ Ή͔͙ͭͪ͟͡;͔ͫͯ͟Ό Ή͔͎͙ͤͪΌ ͨͪΎͣ·ͣ ͔ͣͭͦ͒ͦͣ



˽͙͔͔͙͔ͪͣͤͤ
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͙͍́ͦͨͤ͡·͚ Ή͔͔ͣͤͭ͡
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˥͊͡Έ͍͙͊ͤ;͔͙͚ͫ͟ Ή͔͔ͣͤͭ͡
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˥͊͡Έ͍͙͊ͤ;͔͙͚ͫ͟ Ή͔͔ͣͤͭ͡
͔̏ͭͪͦ͟͡ͻ͙͙ͣ;͔ͫ͊͟Ύ ͔ͪ͊͟ͼ͙Ύ ͙͙̆ͣ;͔ͫ͊͟Ύ ͔ͪ͊͟ͼ͙Ύ

ɲrG ɲrG 



˽͔͍͙͔ͪͦ͋ͪ͊ͦ͊ͤ͘ Ή͔͎͙͙ͤͪ
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͙͍́ͦͨͤ͡·͚ Ή͔͔ͣͤͭ͡

H2 + 2H2O - 2e- = 2H3O
+

1/2O2 + 2H3O
+ + 2e- = 3H2O

2H2 + O2 = 2H2O

E0(O2/H2O) = 1.23 ʕ
E0(H+/H2)  =0 ʕ

2H+ + 2e- = H2
1/2O2 + 2e- + 2H+ = H2O

H2 + 1/2O2 = 2H2O

E=E0 + (RT/nF)*Ln(a(H+)/)
E=E0 + (RT/nF)*Ln()

dE = dE0 + (RT/nF)*Ln(a(O2)/a(H+))



͔̏ͭͪͦ͒ͤ͟͡·͔ ͔ͨͦͭͤͼ͙͊͡·
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Electrochemical series
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˿ͭ͊ͤ͒͊ͪͭͤ·͚ 
͔ͨͦͭͤͼ͙͊͡

ˢ͙͍͙ͭͤͦͫͭ͟ ͙͔͚ͦͫͤͤͦ͟͡ 
͙ ͍͍͔͚ͦͫͫͭ͊ͤͦͤͤͦ͡ 
ͺͦͪͣ

˴ͦΉͺͺ͙ͼ͙͔ͤͭ· 
͙͍͙͊ͭͤͦͫͭ͟

˴ͦͤͼ͔ͤͭͪ͊ͼ͙͙ 
͙͔͚ͦͫͤͤͦ͟͡ ͙ 
͍͍͔͚ͦͫͫͭ͊ͤͦͤͤͦ͡ 
ͺͦͪͣ·

˾͍͍͔͊ͤͦͫͤ·͚ 
͔ͨͦͭͤͼ͙͊͡



̏˨˿ ͙ ͤ͊ͨͪΎ͔͙͔͗ͤ
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˹͊ͨͪΎ͔͙͔͗ͤ = ̏ ˨˿ ς ́ HOR ς ́ ORR ς ́ other

˽͔͔ͪͤ͊ͨͪΎ͔͙͔͗ͤ ́  = |E - Eͪ ͍͊ͤ|

ˬ͔͔͊ͣ͡·͚ ͭͦ͟
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͔͔͔́ͪ͋ͯͣͦ ͔͔ͨͪͤ͊ͨͪΎ͔͙͔͗ͤ

Á˨͡Ύ HER, HOR, OER, ORR: 
͔͔ͨͪͤ͊ͨͪΎ͔͙͔͗ͤ ͍͙͙͊ͫͭ͘ ͦͭ ͙ͨͪͪͦ͒· 
Ή͔ͭͪͦ͒͊͟͡

Á͔̇͡Έ ς͍ ·͙͔ͫͦ͟ ͙ͭͦ͟ ͙ͨͪ ͔ͤ͋ͦ͡Έ΄͙ͻ 
͔͙ͦͭͦͤͤ͟͡Ύͻ ͦͭ ͍͍͔͙ͪ͊ͤͦͫΎ



Electrocatalysis vs. Heterogeneous Catalysis
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Similarities

Ç Substrate (electrode) activity depends on its electronic structure

Ç Substrateςadsorbate interactions due to either reactants or products are relevant

Ç Rate processes are sensitive to both the aspect ratio of catalyst particles and the mean coordination number of surface atoms

Ç Electrocatalyst lifetime depends on poisoning effects due to the accumulation of byproducts as well as particle surface sintering and 
ripening phenomena at the electrode

Key intermediate ς hydrogen bound to the surface of electrocatalyst



ʕʣʝʢʪʨʦʣʠʟ
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˴͊͟ ͙͙͙͙͍ͣͤͣͪͦ͊ͭ͘Έ 
͔͔ͨͪͤ͊ͨͪΎ͔͙͔͗ͤΚ

Progress in Energy and Combustion Science 58 (2017) 1



ɻʘʣʴʚʘʥʠʢʘ
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ˮ͙ͤ͒ͯͫͭͪ͊͡Έ͔ͤͦ Ή͔͔͙͔ͭͪͦͦͫ͊͗͒ͤ͟͡˨͔͙͍ͦͪ͊ͭͤ͟·͔ ͨͦͪ͟·͙ͭΎ

ˢ͙͍͙͔ͤͦ͒ͪͦ͊ͤ˭͊΅͙ͭͤ·͔ ͨͦͪ͟·͙ͭΎ

˸͔͙ͭ͊͊͘͡͡ͼ͙Ύ ͙ͨ͊ͫͭ͊͟͡



ʉʝʥʩʦʨʳ

15Anal. Chem. 2016, 88, 11271



ʀʦʥ-ʩʝʣʝʢʪʠʚʥʳʝ ʵʣʝʢʪʨʦʜʳ
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˿͔ͭ͟͡Ύͤͤ·͚ Ή͔ͭͪͦ͒͟͡

Å ʄʝʞʜʫ ʩʪʝʢʣʷʥʥʦʡ 

ʩʪʝʥʢʦʡ ʠ ʚʦʜʥʳʤ 

ʨʘʩʪʚʦʨʦʤ ʚʦʟʥʠʢʘʝʪ 

ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ

Ὁ̒ ̓ Ὅ ̒̒

ὙὝ

Ὂ
ÌÎ
ὥ

ὥ



ʕʣʝʢʪʨʦʩʠʥʪʝʟ
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CO2 (H+ + e-)

CH3OH

CO

CH4 C2H4

HCOO-

Advantages of the electrochemical CO2 reduction

Ç Reaction at ambient temperature and pressure (except 
high temperature CO2RR)

Ç A variety of products can be obtained depending on the 
electrolysis conditions (catalyst, potential, electrolyte)

Ç Direct use of renewable electricity

Ç Scalability and facile construction of electrolyzers

P
͔̇ͤͤ·͚ 
ͨͪͦ͒ͯͭ͟



ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʫʛʣʝʢʠʩʣʦʛʦ ʛʘʟʘ

18https://doi.org/10.1016/j.joule.2017.09.003

https://doi.org/10.1016/j.joule.2017.09.003


ʅʘʢʦʧʠʪʝʣʠ ʵʥʝʨʛʠʠ

19

ɿʘʧʘʩʘʥʠʝ ʠʟʙʳʪʢʘ 

ʵʥʝʨʛʠʠ ï

ʩʚʠʥʮʦʚʦ-ʢʠʩʣʦʪʥʳʝ 

ʘʢʢʫʤʫʣʷʪʦʨʳ,

ʣʠʪʠʡ-ʠʦʥʥʳʝ 

ʘʢʢʫʤʫʣʷʪʦʨʳ

çɿʝʣʝʥʘʷè ʵʥʝʨʛʝʪʠʢʘ

ʇʦʨʪʘʪʠʚʥʘʷ ʵʣʝʢʪʨʦʥʠʢʘ

ʃʠʪʠʡ-ʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ

ʕʣʝʢʪʨʦʤʦʙʠʣʠ

19



ʃʠʪʠʡ-ʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ
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,É-/
 

,É-/ Ø,É ØÅ

# Ø,É ØÅ
 

,É#

,É-/ #
 

,É-/  ,É#

ʇʦʣʦʞʠʪʝʣʴʥʳʡ ʵʣʝʢʪʨʦʜ:

ʆʪʨʠʮʘʪʝʣʴʥʳʡ ʵʣʝʢʪʨʦʜ:

ʉʫʤʤʘʨʥʦ:

E = E+ - E- 
ʕɼʉ

Ў' Î&%

ʵʥʝʨʛʠʷ ɻʠʙʙʩʘ ʨʝʘʢʮʠʠ  

n ï ʯʠʩʣʦ ʵʣʝʢʪʨʦʥʦʚ

F ï ʯʠʩʣʦ ʌʘʨʘʜʝʷ 

(96 485 ʂʣ/ʤʦʣʴ)



ɾʝʣʝʟʦ-ʚʦʟʜʫʰʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ
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ʉʚʠʥʮʦʚʦ-ʢʠʩʣʦʪʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ

22
Å The charge time is 12ς16 hours and up to 36ς48 hours for large stationary batteries
Å Lead acid is sluggish and cannot be charged quickly

Å Sulfation

during prolonged charge 
deprivation the amorphous lead 
sulfate converts to a stable 
crystalline and deposits on the 
negative plates

Å Lead corrosion

grid corrosion on the positive 
ǇƭŀǘŜ Ҧ ƭŜŀŘǎ ǘƻ ƎŀǎǎƛƴƎ ŀƴŘ 
water-loss

Å Gassing

Å During fast charging it is 
possible to pump electrical 
energy into the battery faster 
than the chemical process can 
react to it, with damaging results

Å Overheating



ʂʦʨʨʦʟʠʷ ʠ ʟʘʱʠʪʘ ʦʪ ʥʝʝ
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Zn ͗ ͔͍͔ͪͭͤͤ·͚ ͊ͤͦ͒
Al ͗ ͔͍͔ͪͭͤͤ·͚ ͊ͤͦ͒

˴͊ͭͦ͒ͤ͊Ύ ͊͘΅͙ͭ͊



ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ
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Ç ˸͙͊ͫͣ͊͟͡Έͤ·͚ ˴˽˨ Ή͔͙͔ͭͪͦͪ͊͘͟͡͡ ςΉͭͦ ͦͭͤͦ΄͔͙͔ͤ ͔ͭͨͦͭ͡· ͎͙ͫͦͪ͊ͤΎ 
͙͍͔͔͎ͨͪͦ͒ͤͤͦͦ͘ ͍ͦ͒ͦͪͦ͒͊ ͟ ͙͔͔͙ͣͤͤ͘Ό Ή͔͎͙͙ͤͪ ˥͙͋͋ͫ͊ ͍ ͨͪͦͼ͔͔ͫͫ 
Ή͔͙ͭͪͦ͊͘͟͡͡ όΉ͔͙ͭͪ͟͡;͔͚ͫͦ͟ Ή͔͎͙͙ͤͪΣ ͔ͤͦ͋ͻ͙͚ͦ͒ͣͦ ͒͡Ύ Ή͔͙ͭͪͦ͊͘͟͡͡ύΥ

–
ɝὌ

ɝὋ

Ὁ

Ὁ

͔͔͚ͭͪͣͦͤͭͪ͊͡Έ͔ͤͦ
ͤ͊ͨͪΎ͔͙͔͗ͤ

̏˨˿

Ç ͔͔͚́ͪͣͦͤͭͪ͊͡Έ͔ͤͦͤ͊ͨͪΎ͔͙͔͗ͤ -ͤ͊ͨͪΎ͔͙͔͗ͤΣ ͔ͤͦ͋ͻ͙͔ͦ͒ͣͦ ͒͡Ύ 
Ή͔ͭͪͦ͟͡ͻ͙͙ͣ;͔͎ͫͦͦ͟ ͔͙ͪ͊ͦ͗ͤ͘͡Ύ ͍ͦ͒· ͙ͨͪ ͨͦͫͭͦΎ͚ͤͤͦ 
͔͔͔ͭͣͨͪ͊ͭͯͪ ͔͋͘ ͔͔ͭͨͦͦ͋ͣͤ͊͡ ͫ ͍͔ͤ΄͔͚ͤ ͔͚ͫͪ͒ͦ

Ὁ
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ὲὊ

Ç ˾͔͊͡Έͤ·͚ ˴˽˨ Ή͔͙ͭͪͦ͊͘͟͡͡Υ

ʊ  
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3.

4.
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ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ
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ʈʝʢʦʤʝʥʜʦʚʘʥʥʘʷ ʣʠʪʝʨʘʪʫʨʘ

26

1. ɹ.ɹ.ɼʘʤʘʩʢʠʥ, ʆ.ɸ.ʇʝʪʨʠʡ, ɻ.ɸ.ʎʠʨʣʠʥʘ, 

çʕʣʝʢʪʨʦʭʠʤʠʷè, ʠʟʜ. çʍʠʤʠʷè, ʄ., 2001 ʛ.; ʚʪʦʨʦʝ 

ʠʟʜʘʥʠʝ çʂʦʣʦʩʩ-ʍʠʤʠʷè, ʄ., 2006 ʛ.

3. ʄʠʦʤʘʥʜʨʌ., ʉʘʜʢʠ ʉ., 

ʆʜʝʙʝʨʇ., ʄʝʘʣʣʝ-ʈʝʥʦ ʈ.

çʕʣʝʢʪʨʦʭʠʤʠʷè, ʠʟʜ. 

çʊʝʭʥʦʩʬʝʨʘè, 2008 ʛ.

2. ɺ.ʉ. ɹʘʛʦʮʢʠʡ, çʆʩʥʦʚʳ 

ʵʣʝʢʪʨʦʭʠʤʠʠè, ʠʟʜ. çʍʠʤʠʷè, 

ʄ., 1988 ʛ.

͔̏ͭͪͦͤͤ͟͡·͔ ͍͔͙͙ͪͫ ͣͦ͗ͤͦ ͍͘ΎͭΈ ͭͯͭΥ
https://drive.google.com/drive/folders/1AGYshi0i57WqH9bAfIE
gyFGIT2Fi-PAw?usp=sharing 

https://drive.google.com/drive/folders/1AGYshi0i57WqH9bAfIEgyFGIT2Fi-PAw?usp=sharing
https://drive.google.com/drive/folders/1AGYshi0i57WqH9bAfIEgyFGIT2Fi-PAw?usp=sharing
https://drive.google.com/drive/folders/1AGYshi0i57WqH9bAfIEgyFGIT2Fi-PAw?usp=sharing
https://drive.google.com/drive/folders/1AGYshi0i57WqH9bAfIEgyFGIT2Fi-PAw?usp=sharing


ʉʧʨʘʚʦʯʥʳʝ ʤʘʪʝʨʠʘʣʳ
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