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DNIEKTPOXNMUA

o JNEeKTPOXUMMUSA - ITO pasfen XMMUYECKON HayKn, B KOTOPOM N3y4aloTcs PU3NKO-XMMUYECKME CBONCTBA
KOHOEHCUPOBAHHbLIX MOHHbBIX CUCTEM, a TaKXe NPOLECCHI N ABMIEHUS Ha rpaHuUax pasgena gas c y4acTuem
3apSKEHHbIX YacTuL (3MeKTPOHOB UM MOHOB)
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IIEKTPOXMMUNYECKan SHEpPreTUKa

The way, by which the most important technological problems of all, the provision of
cheap energy, can be solved, this way has to be found by electrochemistry. If we have
a galvanic element, which generates electrical energy directly from coal and from the
oxygen of the air, and with an efficiency close to the theoretical value, then we stand
before a technological revolution, which will dwarf the one that was caused by the
invention of the steam engine.

Just imagine how the incomparably comfortable and elastic distribution, which electrical
energy permits, will change the appearance of our industrial cities! No more smoke, no
soot, no boilers, no steam engines.

—F W Ostwald, 1894



TonnnBHble SNeMeHTbl C NOAUMEPHON MeMmbpaHoun

O TonaueHsili anemeHm - smo anekmpoxumuyeckoe ycmpolicmeo,
XUMUYECKUU UCMOYHUK MOKa, npeobpasyouwuli XUuMUYeCcKyr 3Hepauto
monsauea 8 31eKMpPUYECKY 3Hepauto NMpsSMbsiM Memooom
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Hydrogen Fuel Cell Vehicle
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FIGURE 1. Assembling a Bacon Cell for Apollo,



[@a/1IbBaHNYECKUU S1eMeHT

FaNAbBaHUYECKUU d/1IeMeHT

Sr1eKkmpoxumuyeckasa peaxkyus Xumuyeckasa peakyus
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[MpeobpasoBaHMe aHEepPrmu

voltmeter

electrolyte

0O,(g) in

H,0(g)
and
heat out

excess
H,(g) out

cathode (+)

anode (—)
anode: cathode:
2H,(g) > 4H" + 4e~ 0,(g) + 4H" + 4~ — 2H,0(g)

2H, + 0, = 2H,0 ——
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INeKTpoaHble NoTeHUManbl

Reaction

Act+3e = Ac

Agt+e — Ag

Agre — Ap?

Aplac)+e — Ag+(ac)k
AgBr+e — Ag+Br
AgBrd; +e — Ag+ BrOs
AgCi0s+2e — 2Ap+ G075
AgCl+e = Ap+Cl-
AgCN+e — Ag+CN-
AgC0h+2e = 2 Ag +CO™
AgCr0,+2e — 2Ap+Cr0*
AgF+e — Ag+F-

AgiFe(CN)gl +4e — 4 Ag+ [Fe(CN)gl*

Agl+e = Ag+l-

AglOy+e = Ag+10,-
ApMoD,+2e — 2Ag+MoO2
AgNOh+e = Ag+2NOs-
Ag,0+H,0+2e — 2Ag+2OH-
Ag,0,+H,0+2e — 2Ag0+20H-
Ag¥+le = Apt

Agtie — Agh

Ag,0,+4H*+e — 2Ag+2H0
2Ag0+H,0+2e — Ag,0+20H-
AgOCN +e — Ag+OCN-
AgS+2e — 2Ap+S*
Ag,S+2H +2e — 2Ag+H,S
AgSCN+e — Ag+SCN-
AgSe0y+2e — 2 Ap+ Se0y>

Ag 80, +2e — 2 Ap+50,>
Ag,WO, +2e — 2Ag+ WO,
Al +3e — Al

AllOH) +3e — Al+30H

Electrochemical series

E°V Reaction
=220 ANNOH)+3e = Al+40H-
07996 | HAIO- +H,0+3e — Al+40H
1.980 AlF3-+3e = Al+6F-
0643 Am*+e — Am*
007133 | Am™+2e — Am
0.546 Am**+3e — Am
0.4647 Amit +e = Am?
022133 | As+3H* +3e — AsH;
-0.017 As.0,+6H " +6e = 2As+3H,0
0.47 HAsO,+3H*+3e — As+2H,0
0.4470 AsOy+2Ha0+3e — As+40H-
0.779 H:AsOy+2H*+2e—= HAsO:+ 2 H.O
0.1478 A0+ 2H0+2e = AsO;+40H-
015224 | At +2e — 2 At
0.354 Aut+e — Au
04573 Avt+le = Au?
0.564 Art+3e = Au
0.342 Aur+e-= Au*
0.739 AuOH* +H* +2e = Aut+H;0
1.9 AuBr;-+e — Au+2Br
1.8 AuBry-+3e = Au+4Br
1.802 AuCly-+3e = Au+4Cl
0.607 AuwlOH):+3H " +3e = Au+3H,0
041 H,BO;-+5H,0+8e — BH;+8 OH-
0691 | HBO; +H,0+3e — B+40H-
0.0366 | H;BO;+3H*+3e — B+3H0
0.08951 BiOHp+TH +8e = BH-+3H,0
0.3629 Ba*+2e — Ba
0654 Ba** +2e = Ba(Hg)
04660 BalOH); +2 e = Ba+20H-
-1.662 Be*+2e — Be
-2.31 Be,0-+3H,0+4e — 2Be+60H-

PasHOBeCHbIN

noTeHumnan
ki

-2.328
-2.33
-2.069
2.60
-1.9
2048
-23
-0.608
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1.8
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-1.24
-1.79
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Fuel Cell Voltage (V)
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Current / mA

2C n HanpAaxkeHue

Tpebyemoe nepeHanpameHue

HOR: H, >2H*+2¢ OER:2H,0 > O,+4H +4¢

.
-

L
diffusion-limite

current o
__________________ Kenaembili mok

HER:2H*+2e¢ — H, ORR: O,+4 H"+4 ¢ —2H,0

1.23 YV vs RHE

Hanpssxenne = 3AC = Nyog ~ Nogrg ~ Nother

MepeHanps»keHne n = |E-E

paBHl

" Llenb — BbICOKME TOKN NPU HEGONBLLNX
OTK/IOHEHUSAX OT paBHOBECUS

= [na HER, HOR, OER, ORR:
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Pt Ag

Current ——-
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Electrocatalysis vs. Heterogeneous Catalysis

Similarities
Substrate (electrode) activity depends on its electronic structure

Substrate—adsorbate interactions due to either reactants or products are relevant

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

(I I Ny

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

Mechanism: Volmer-Tafel
2(H(aq) +e +*) == 2H* = Hy(g) + 2*

to counter to counter

to counter to counter
electrode o electrode olactiods slactods
2

i

Mechanism: Volmer—Heyrovsky
2H*Yag)+e +* ==H*+H'(aq) +e~ == Hy(g) +*

Vo

Key intermediate — hydrogen bound to the surface of electrocatalyst

12



ONeKTponns

Alkaline Electrolysis PEM Electrolysis Solid Oxide Electrolysis

l l Eap =123V T MHER + MoER + Hother

H,0 H,0

=) = Kak MMHUMM3npoBaTb
w Sl ) ¢ 0* nepeHanpsaxeHue?

e || e |I
| | |

0,

|
J-

HOR:H, »2H*+2¢ OER:2H,0 - O0,+4H*+4¢

Anode (Ni, Co, Fe) Cathode (NifC) Anode (Ir) Cathode (Pt) Anode (LSM) Cathode (NifYS2)

-@-

0V s RHE | diffusion-limited
current

1.23 Y vs RHE
Diaphragm Polymeric membrane Ceramic oxide

Anode

Cath'ﬂde 4H20 +4e — 40H + 2H2 AH* + 4e — 2H2 HED +2e — HZ + 02_ HER: 2 H'+2e¢ > H, ORR: O.+4H'+4 ¢ —21.0

Progress in Energy and Combustion Science 58 (2017) 1 1 3
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CeHcopbl

g g2 -] -1} Ak L]

Transducer (Electrode) E Age
ve. AglagTl V)

Reference electrode
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— ) M

(vii)

(IR

="

(i) ¢i)
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Working electrode I 1cm
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loH-ceneKkTnBHbIE AN1EKTPOAbI

CmeknsaHHbIU 31eKmpoo

B = Eye + 2 Jn 22
= —In—
CT acc
F aq
s
Leads to pH meter
——(-})
Liquid level of —Airinlet
outer reference
electrode
Liquid level of =
inner reference — |
electrode
) b Aqueous filling solution
Ag wire—+I] saturated with AgCl and KCI
D
=
/fﬂ.ﬂ_—.—!

AgCl| paste suspended

folded Ag wire

AgCI(s) + KCI(s) —

Glass membrane —]

=

S BB -

— ]

between two sides of _—é'-.. = |

Solution level
L of analyte in
beaker

Forous plug to allow
slow drainage of

—— electrolyte out of
electrode
0.1 M HCI
- saturated with
(H - ™ AgCl
q,,________________,/‘/

Glass membrane 0.2-0.5 mm
“«——» -«

Hydrated layer

=
Reference electrolyte (approx. 0.0001 mm)

*  Mexdy cmeknsiHHOU
CMeHKOU U 800HbLIM
pacmeopom 803HUKaem
pa3Hocmb nomeHyuanos

acidic alcaline

Solid State Electrodes
Fluoride lon-Selective Electrod

* The F ISE

— The original solid state
electrode

— Works due to defects in a
LaF; crystal.

~———To potentiometer

— Other Solid state
electrodes work based on -
the presence of primary
absorbed ion.

LaF,(s) sLaF,*(s) + F(aq)

E.;=K-005916 log a,_

Silver-silver
chloride electrode

Filling solution

Inorganic crystal
LaF,/Eu
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ONEKTPOCUHTES

CH,OH co -
on e, 1
co ~\|/- Heoo #HO0 | A
Coz (H* + e) l l
I _— I

§ ? OH’
Advantages of the electrochemical CO, reduction o$
L Reaction at ambient temperature and pressure (except

high temperature CO,RR)

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

s.".‘,

Electrolyte: n Electrolyte:

00O
"
«*

®°
EM

O Direct use of renewable electricity
1 M KOH 1 M KOH
O Scalability and facile construction of electrolyzers
LleHHbIN
NPOAYKT
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Hakonutenun aHeprum

[MopTaTnBHasA aNeKTPOHUKA AnekTpomobunu
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JINTUN-NOHHBIE aKKyMYNATOPbI

«3eneHas» aHepreTuka

3anacaHue na3dbbiTKa
9Heprnm —
CBUHLIOBO-KNCMNOTHbIE
aKKyMYynATOpPHbI,
NMNTUN-UOHHbIE
aKKyMynaTopbl




JINTUN-NOHHbIE aKKYMYNATOPbI

AR
A

D <

[MonoXxunTenbHbIW ANEKTPOoa:

Cathode
ome charge
Electrolyte LiMO, Li;_yMO, + xLit + xe™
discharge
\/’ - )o’
N N\ N ]
-oa g \ ) OTpuuaTenbHbIN 3NeKTPOA:
\ g "O\ ; s c . charge c
. Li - Li
’Q ' fepogfere +xLIT+ xe discharge x
\-_\_ Vv $ I
- -i"’ \ PR CyMmMapHo:
: : ,,.,_m__._,_ - e charge
, LiIMO, + C Li;_ MO, + Li,C
- Al discharge
- .*. c%l:l:‘catr:::r
Graphene Li- Solvent I_-iI'MO2 layer
structure molecule structure
_ — N — 4YMUCIo 3JIEKTPOHOB
E = E+ - E_ — AGI‘ = —nFE F — uncno ®apages
(96 485 Kn/morb)
o0C

9Heprunsa mbbca peakuum
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YKene3o0-Bo3ayLUHbIE aKKyMYNATOPb!

B
02
CHARGE
T
/ METALLIC %
% IRON /
777
DISCHARGE
02
Form Energy is no seat-of-the-pants outfit. Its founders include Mateo
THE BATTERY CYCLE Jaramillo, former head of battery development for Tesla, and MIT

professor Yet-Ming Chiang, among the world’s foremost battery
scientists. Investors include Microsoft co-founder Bill Gates, Amazon
The basic principle of operation is reversible rusting founder and Post owner Jeff Bezos, the iron and steel colossus
While discharging, the battery breathes in oxygen from the air and converts iron metal to rust ArcelorMittal, and MIT’s The Engine, a strategic fund aimed at long-

term solutions to big problems.
While charging, the application of an electrical current converts the rust back to iron and the battery

breathes out oxygen
21



CBUWHLIOBO-KUCITOTHbIE dKKYMVYJTATOPDI

Cathodic Anodic
- I

| Pb F’bSO4 Pb—~( PbO)—)—PbSO4

Hydrogen oxidation (Hp = 2H™ + 2e)
(negligible)

* 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

e Sulfation

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

Negatwe ‘electrode

Charglng ! Dlscharglng

|
I .....
: ~1.75V [ * Lead corrosion

oo l=o32v|] b a7V
-y Pb/PbSO4 | | PbSO,/PbO, \Q grid corrosion on the positive
SRS ;;E/equ"'bf'um PO[Q”"i"/\ ! equilibrium potential NN plate -> leads to gassing and
-0|.5|-0|.4|-0|.3|-0].2]-01_1l ([_» 12 13 14 15 16 17 18 water-loss
Ponta v, sencr . Gassing
* The charge time is 12—16 hours and up to 36—48 hours for large stationary batteries * Overheating

* Lead acid is sluggish and cannot be charged quickly 22



Kopp03|/|$| N 3allhTa OT HEE

Air KatoaHaa 3awmra

’ Water ]Ill.b“
Rust Deposit / Droplet .

Fe,0.xH,0

2

Protected ———=
Structure
(Steel)

Sea Water

Aluminum Anode

Anode Connection
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AP DPEKTUBHOCTL NMpeobpasoBaHUSA S3HEPTUU

Work to expand

0 MakcumanbHbin KM anektponmsepa — 3To0 OTHOLWEHWE TENN0Tbl CrOpaHmA E'ect"‘zaé' 9”296':975'13 " gases produced
input: AG = 237. PAV = 3.7 kJ
npou3BeAeHHOro BoAOPOAa K M3MeHeHUo 3Heprmumn Mmbbca B npouecce XK <
3NEeKTPONN3a (31eKTPUYECKOMN IHEPTUN, HEOOXOAMMOM ANA SNEKTPOSIN3A):
Energy exchange _ ~ +
o processes for one
AH E TEPMOHENTpPasibHOE mole of water. "
Th < AH = 285.83 kJ -

77T = —= — HanpAXeHue Battery

AG E «——— 34C Water

X4\ S\

L TepmoHeliTpanbHOe HanpsAXKeHMe - HanpAXKeHMe, Heobxogumoe ans forms U forms

o hydrogen OXygen - Electrolysis of water
3N1EKTPOXMMUYECKOTO Pa3NIoMEHNsA BOAbI NPU NOCTOAHHOM bubbles  Energy from  bubbles ’

TemnepaType 6e3 TennoobmeHa ¢ BHeLLIHel cpeaoit environment H0+H,+30,
TAS =48.7 kd

E AH _&Hﬂ _.&Gﬂ

_ — Overall (co-)electrolyzer reaction

Th = % (co-) -/ [kJ mol™] [kJ mol]
1 H.O () = H, + %0, 286.0 2373
O PeanbHbii KNA anexkTponusa: i i i
2 CO, + H,O () = HCOOH + 20, 270.3 285.5
_ AHE 3 CO, = CO + %0, 283.1 257.2
AG U

4 CO,+2H,0 (1) = CH, + 20, 890.8 318.4
5. 2C0,+2HO()2CH,+30, 14112 1331.2

LT



AP DPEKTUBHOCTL NMpeobpasoBaHUSA S3HEPTUU

0.01 0.1 1 10 100
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CnpaBoO4HbIE MaTepuanbl

MEAN ACTIVITY COEFFICIENTS OF ELECTROLYTES AS AFTUNCTION OF CONCENTRATION

The mean activity coefficient vy of an electrolyte XY, is defined as

e [ 2 p\Lila+B)
e v=[vi2)
{ ﬁ: where - and y_are activity coefficients of the mdividual 1ons (which cannot be directly measured). This table gives the mean activity coefficients of
_'. — about 100 electrolytes in agueous solution as a function of concentration, expressed in molality terms. All values refer to a temperature of 25°C.
e - Substances are arranged in alphabetical order by formula.
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Mean Activity Coefficient at 25°C

L bt

anidl mmolkgl  AgNO,  BaBr, BaCl, Bal, CaBr, CaCl Cal,
0.001 0.964 0.881 0.887 0.890 0.890 0.888 0.890
0.002 0.950 0.850 0.849 0.853 0.853 0.851 0.853
0.005 0.924 0.785 0.782 0.792 0.791 0.787 0.791
0.010 0.896 0.727 0.721 0.737 0.735 0.727 0.736
0.020 0.859 0.661 0.653 0.678 0.674 0.664 0.677
0.050 0.794 0.573 0.559 0.600 0.504 0577 0.600
0.100 0.732 0.517 0.492 0.551 0.540 0517 0.552
T T 0200 0.656 0.463 0436 0.520 0.502 0.469 0524
john R, Rumbl 0.500 0.536 0.435 0391 0.536 0.500 0.444 0.554
Ediiardn-Chiel 1.000 0.430 0.470 0.393 0.664 0.604 0.495 0.729
2.000 0316 0.654 1242 1.125 0.784
5.000 0.181 187 5.907
10.000 0.108 431
15.000 0.085
mimol kgl CAdINOy), CAd(NOy), CoBr, CoCly Col, Co(NO3), CsBr
0.001 0.881 0.888 0.890 0.889 0.887 0.888 0.965
0.002 0.837 0.851 0.854 0.852 0.849 0.850 0.951
0.005 0.759 0.787 0.794 0.789 0.783 0.786 0.925
0.010 0.681 0.728 0.740 0.732 0.724 0.728 0.898
E D I I ID H 0.020 0.589 0.664 0.681 0.670 0.661 0.663 0.864
. 0.050 0.451 0.576 0.605 0.586 0.582 0.576 0.806
2018-2019 0.100 0344 0.515 0.556 0.528 0.540 0.516 0.752
0200 0247 0.465 0.523 0.483 0.527 0.469 0.691
0.500 0.148 0.428 0.538 0.465 0.59 0.446 0.605
1.000 0.098 0.437 0.685 0.532 0.845 0.492 0.540
2000 0.069 0517 1421 0.864 2287 0722 0.485

5.000 0.054 139 553 3338 0454 2 7
10.000 196
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