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3a4eM BOODOLLE HY>KHbI
HAKOMUTENN SHEPTNIN“

TpaHCNOPTUPOBKAa 3HEpPruu
* NOPTATVBHbIE YCTPONCTBA
* TPAHCMNOPT =7
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* MPU HEPABHOMEPHOM |
NoTPEBNIEHNN — HAMPUMED,
aTOMHbIE 3/IEKTPOCTaHLN




HaKOMNMUTENN 3HEPT I
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HaKOMNMUTENN 3HEPT I

HaC /CH3 THS
HaC c” |y CH;
2

+n02=mCO2 + pH0 + Q
10-12 kBT-u/Kr
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"‘HexnmMmmnyeckume”
HAKOMUTENN QHEPT N

Compressed Air Energy Storage

M'mapoakKymynaTopbl XpaHunuiua
c)kaTtoro Bo3ayxa

MaxoBuku
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Energy Storage - Technologies and Applications, ed. by A.Zobaa, 2013
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| |naH

HTO Takoe 3NIEKTPOXUMUNYECKE HAKOMUTENN? [/IX OCHOBHbIE
XaPaKTEPUCTUKI

OT CBMHLOBO-KUCOTHbIX K JINTUN-MOHHBIM aKKYMYIATOPaM
HoBbIE MOKONEHNS METAIT-MOHHBIX akKKyMYIATOPOB

[ TOCT-NUTUN-MOHHBIE TEXHOOTNW: INTU-Cepa N NNTUN-
BO30yX

[TooTo4Hble baTapen (redox flow batteries)

CynepKoHOeHcaTopb|



atoms

\—/ \
SHARING OF TRANSFER OF
ELECTRONS ELECTRON

positive negative

molecule : ;
ion ion

covalent bond ionic bond



A+ B =AB

AG,” = ZAGfo(products) — ZAGfO(reactants)

A Electrolyte B
A Electrolyte AB B
A Electrolyte AB B
A Electrolyte AB B

AB

Advanced batteries, ed. by R.Huggins, 2009

Electrolyte

AB

15%



XMNYECKMe NCTOYHNMKM TOKa

/ N\

“HakonuTenu” “npeobpasoBaTtenun’
- batapenku * TOM/IMBHBIE 3/IEMEHTH!
* NEPBUYHbIE
(rasibBaHNYECKNE BNIEMEHTDI)
* BTOPWYHbIE

(AKKYMYNATOPbI)
* NMPOTOYHbIE BaTapen
- CynepKoHAeHcaTopbl



OHEPrOamMdPEKTVBHOCTb
SNEKTPUYECKMX CUCTEM

Vehicle with a range of about 50 km

Engine and gearbox with an
efficiency of 20%

Shaft energy obtained

Tank containing 4 kg is 7200 Wh

(4.5 litres) of fuel with
a calorific value of 36 000 Wh

Electric motor and drive system
with overall efficiency of 90%

Lead acid battery with
a mass of 270 kg, volume

>N
135 litres, and energy 8100 Wh B

Shaft energy obtained
is 7200 Wh

Electric Vehicle Technology Explained by J.Larminie and J.Lowry, John Willey&Sons, 2010
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| a Jamais Contente

1899 ron, ®paHumA

2 9JIEKTPOMOTOPA
(obLasa moLHocTb 50 KBT)

200 Pb-PbO2 aueek
Macca 1450 kr
Macca akkymynaropa > 700 Kr

MakcnmasibHag CKOPOCTb
106 KM/Y

17



Hanps»keHne U [B]
3apsan Q [Kn] = I+
OtpaBaembit TOK | [A] / MowwHocTb P [BT]
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CBUHLIOBO-KMCJIOTHbIN
AKKYMYJIATOP

PbOs + HSO4 + 3H+ + 2e- = PbS0O4 + 2H20

Pb - 2e- + HSO4 = PbSO4 + H+

PbOs + Pb + 2H2S504 = 2PbS0O4 + 2H20

Tmonb 1 mMonb 2 MOJIb 2 MOJ1b €

2391 207 r 196 r 2-:Na-e =
=193 kKKn (kA-c) =

642 r =53.6 Ay

30 — 40 BT u/kr ~170 BT-u/Kr



CBUHLIOBO-KMCJIOTHbIN
AKKYMYJIATOP N3HYTPOWU
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on hanomaterials
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LeHa, $/kBT-y 200 600 900 000
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* naHHble n3 P.G.Bruce et al. Li-O2 and Li-S batteries with high energy storage //
Nature Materials 11 19-29 (2012)
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>400 Km

YpenbHaa sHeprug, BT-4 / Kr

Pb-PbO2 Ni-Cd  Ni-MH Li-ion Li-metann- Li-S Li-O»
nosvmep

LeHa, $/kBt-v 200 c00 900 o600 <150 <150 <150

OOCTYMHbI pa3paboTka Hay4YHbIE
MCCeaOBaHNS

* naHHble n3 P.G.Bruce et al. Li-O2 and Li-S batteries with high energy storage //
Nature Materials 11 19-29 (2012)



Tesla Model S

onexkTpomMoTop 310 kBT

JINTUN-MOHHBIN aKKYMYJIATOPR
85 KBT Y

ObLaa macca 2100 kr

Macca 550 kr
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JINTUN-MOHHbBIN aKKYMYIATOPR

e

LiCoQO»

rpaduT

aHOL 3NeKTPO/UT KaTton

Ce + XLi* = LixCs + € LIC0O2 = Li1xC0o0O2 + XLi+ + xe-

~600-xBt-4u/ KT reop.



JINTUN-MOHHbBIV aKKYMYNATOP
B DEa/IbHOCTU

aKTVBHbI MaTepuarl
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JINTUIN-MOHHBIV aKKYMYJISTOP
B PeasIbHOCTW

a Liquid electrolyte c
—
Cell can
Separator—\:

Li, Mn0; A =
Sepathor;»/

——~ Liguid electrolyte
Carbon__ Cu—

< Gell can

5 A /@ A\ = Separato
' Carbon Liy,, Mn,0,
Separator
Al Mesh
b d
Liquid /+Plastic electrode
electrolyte (Cathode)
Carbon

.— Plastic electrolyte

Separator <«—__— Plastic electrode
AN (Anode)
Cu mesh

X Liy M0,

]
Cell can




JINTUN-MOHHbBIV aKKYMYNATOP
B DEa/IbHOCTU

anekTpnut (18%)

kopnyc (5%) »

Cu donbra (10%) '/

Al ponbra (4%)

! TokoBbIBOAbI (1%)

cenapatop (3%)

KaTOOHbI MaTepuarn
(40%)
NCA (190 mAuY/T)

aHoOHbI maTepman (19%)
rpadonT (366 MAUY/T)

220 - 240 BT -y/Kr



LiCoO2 v LiFePOg4
(< 0.2 A4/r)

rpaur
(0.3 AuHa 1rLiCe) &

BbILLE HaMPS»KEHMe:
Hanpumep,
Li2CoPO4F (>5 B)

BbILLIE EMKOCTb
HaHO-Si
(2.0 A4 Ha 11 LisasSi)

BbILLIE EMKOCTb:
Hanprmep, NMC, V205
(0.3 -0.4 Au/r)

aHO4 3NeKTpo/UT KaTton

28



Potential (V vs Li/Li*)

0

Lithiation Delithiation

1000 2000 3000 4000 0 1000 2000 3000 4000
Capacity (mA h g)

J. Mater. Chem. A, 2013, 1, 9566-9586
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MaTepuranbl NONOXKUTESTbHbIX
3JIEKTPOOB

LiMn,0, LiFePO,

rekcaroHanbHas
KybnuyecKaa NJ0OTHENLIAA YNAKOBKA NAOTHENLAA
YNaKOBKa
C, 278 mA-u/r 148 mA-u/r 177 mA-u/r
o 103 C/cm 10> C/cm 1072 C/cm

kg 10° cm?/c 1010 cm2/c 1015 ecm?/c



\ViaTepunanbl NONOXKNTESIbHbLIX
3J1IEKTPOOOB

2l
(=]

B LiNi, \Mn, .0,

-
5

LiMnPO,
—

L
Li(NiMnCo)O,

Voltage (V versus Li/Li")
& 8

»
(=]

ﬁlu 160 150 | zﬁu 250 | 300
Specific capacity (mAh g")

o



et et e e e e e e e e e e e e e e nnrrrnnararraneaes . JINTU-NOHHbBIVN aKKYMYJIATOPR

rpaur 5
(0.3 A4Ha1rLiCe) ¢

LiCoO2 v LiFePOg4
(< 0.2 A4/r)

BblLLIE HAMPSKEHWE:
Hanpumep,
Lio.CoPO4F (>5 B)

BblLLE EMKOCTb
HaHO-SI
(2.0 A4 Ha 11 LisasSi)

BblLLE eMKOCTb:
Hanpuvep, NMC, V205

aHoO JJIEKTPOJINT KaTon

(0.3 = 0.4 Au/r)
NOCT-JIMTUUN-UOHHbIE TEXHOJIOIMUM...
. meTannuyeckum Li cepa oxygen
5 (3 8 AuHa 1r LI) i KaK OKCUJINTETIb 5 KaK OKNCJINTEJ1b 5
T N AN : (0o 600 BT u/kr ?) (0o 1000 BT y/kr ?)



LiCe
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Graphene
sheet
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Li = Li+ + e
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“[leHapuTbl” MOMYT BbIPacTV U B
NMNTUN-MOHHOM aKKYMYIATOPE




LI — S akkyMynaTop

Charge (Li plating)

Anode Dlscharge (Ll strlpplng)
>

Current Collector (Cu, Ni, Li)

I_/\/\/L'
I

U
Li/\/\/\/'

Polysulfide

- Load /

Charger

huttle @

+

Cathode
(+)

Current Collector (Al)

OTpuuaTeNibHbIN 3NIEKTPOA;
Li = Lit+ e

[TONOXKNTENBHBIN 2N1EKTPOA;
S +2e + 2Li+* = LiLS

ObLasa peakuys:
2Li + S < Li2S

TeopeTunyeckas yaenbHasa aHepriis (Ha Maccy akTVBHbIX KOMMOHEHTOB):

Eyn — 2F . U /M (LiZS) —
= 2:96500-2.1 / 46 [x/r = 2450 Bt -4/ kr (2800 BT - 4/n)



Electrochim. Acta, 2006, 51, 1330

D =82

@=Lt



Potential (V versus Li/Li")

SB
@ Address
3.0F polysulphide solubility
Charge process
E
li,Sg VR woo o

1.5F Lix56 LixS, Li5S,

Discharge process [Ci:S
0 1,000
Capacity (mAh g™

Discharge capacity (mAhg™)

1,600 ™

1,200]

800

4001

Capacity fading

10 20

Cycle number

30 40

Tarascon, J. M., Bruce, P. G., Freunberger, S. A., & Hardwick, L. J. // Nature Materials 11 (2011)







JINTnm Kak TOnJmBO

C)xaTbi BOgopona
(ropexue)

BeH3uH
(ropeHne)

LIMHK
(LMHK-BO3OYLLHASA
baTapes, BOOHas)

JintTnn
(NTMn-BO3AYLLUHASA
batapesd, HeBoaHaSA)

40 kBT u/kr

10 - 12 kBT u/kr

1.4 kBT y/Kr

11.60 KBT u/kr

40

Li = Li+ + &
E0 =-3.05 B otH. CB3

Qspec = Nae / M =
3 830 mAyY/

'



J1INTUIN-BO3OYLLUHBIN aKKYMYNATOP

electrons

porous cathode
electrolyte
metallic anode

TEOPETUYECKOE
Harps»keHne 2.96 B

obLwanA peakumA
2Li + O2 2 Li20O2

oTpuuaTesibHbIN 3N1eKTpoL
Li=Li+ + e

NONOXXUTENbHbIVN 3M1EKTPOL
O + 2Lit + 2e- = Li»O»

Tpe6oBaHUA K MNONOXMUT. I/IeKTpoAy
e TpaHcnopT O2 n Li+

* 3/IEKTPOHHAA NPOBOANMOCTb

* MaJlbl BEC

* XMnyeckanA cTtabunbHOCTb

NPW UCNOJIb3OBAHUW YT IEPOOHbIX 3/1IEKTPOLOB
Teop. yaenbHas aHeprisa 0o 900 BT 4/Kr (200 Bt u/kr ons Li-ion)



Na*+ e + O, — NaO;

Hartmann P. et al. A rechargeable room-temperature sodium
superoxide (NaOo) battery. Nature Materials 12, 228—232
(2012)

Lit+ e+ Oy —>»

chemical
reaction

LinO» LinO; + O3

Peng Z. et al. Oxygen Reactions in a Non-Aqueous Li+ Electrolyte. Angew Chem Int Edit 50, 6351-6355 (2011)

+ e + 1"



electrochemical reduction

Lit O," + € + Lit = Liy0,

disproportionation
2 Lit 05" = Lis0, + O5

electrochemical reduction

chemical side reaction with O

\ @ _carbon | JJ\

organic
— O carbonate
>Q< LIRCOg5

side reactions with electrolyte

Itkis D. et al. Reactivity of carbon in lithium-air batteries. Nano letters 13 (2013)



3.5 KBT-4/KrI



in your element

Juof H [ He

|s lithium the new gold?

Jean-Marie Tarascon ponders on the value of lithium, an element known for about 200 years, whose
importance is now fast increasing in view of the promises it holds for energy storage and electric cars.

lthough it has been known for almost

two centuries, lithium is suddenly

making the news: it is the primary
ingredient of the lithium-ion batteries set to
power the next generation of electric vehicles
and, as such, could become as precious as
gold in this century". It is also non-uniformly
spread within the Earth’s crust, sparking
rumours that Andean South American
countries could soon be the ‘new Middle-East.
Together, these factors set the scene for
controversial debates about the available
reserves” and the anticipated demands': if
all cars are to become electric within 50 years,
fears of a crunch in lithium resources — and
thus a staggering price increase such as that

faced today with fossil fuels — are permeating.

With its atomic number of 3, lithium is
located in the top left corner of the periodic
table. It was Johann August Arfvedson, one
of Jons Jakob Berzelius’s students, who first
detected its presence in 1817 while analysing
the mineral petalite (LiAlSi,O,), itself
discovered in 1800. Berzelius called this new
element lithos (Greek word for stone).

Lithium, whose silvery-white colour
tarnishes on oxidation when exposed to air,
is the most electropositive metal (-3.04 V
versus a standard hydrogen electode), the
lightest (M = 6.94 g mol™) and the least
dense (p = 0.53 g cm™) solid element at room
temperature, and is also highly flammable.
Owing to this high reactivity, lithium is
present only in compounds in nature —
either in brines or hard rock minerals —
and must be stored under anhydrous
atmospheres, in mineral oil or sealed
evacuated ampoules.

Their particular physical, chemical and
electrochemical properties make lithium
and its compounds attractive to many fields.
Apart from the recent advent of lithium-
based batteries, lithium niobate (LiNbO,)
is an important material in nonlinear
optics. Engineers use lithium in high-
temperature lubricants, to strengthen alloys,
and for heat-transfer applications. It is also

510

widespread in the fine chemical industry,

as organo-lithium reagents are extremely
powerful bases and nucleophiles used to
synthesize many chemicals. Its effect on

the nervous system has also made lithium
attractive as a mood-stabilizing drug, and in
nuclear research tritium (*H) is obtained by
irradiating °Li. Annual demand has therefore
grown by 7-10%, currently reaching about
160,000 tons of lithium carbonate (Li,CO,)
per year — about 20-25% of which is for the

battery sector.
e

Energy storage, which should help
mitigate the issues of pollution, global
warming and fossil-fuel shortage, is becoming
more important than ever, and Li-ion
batteries are now the technology of choice
to develop renewable energy technology
and electric vehicles. They typically consist
of a Li-containing positive electrode and a
Li-free negative electrode, separated by a Li-
based electrolyte. From simple calculations,
assuming a one-molar Li-based electrolyte
and a 3.6 V LiMPO, electrode (where M is Fe
or Mn), the demand is estimated to be about
0.8 kg Li,CO; per kWh — and this number
is not expected to decrease with recently
developed batteries such as lithium-air or
lithium-sulfur, which need an excess of
lithium at the negative electrode to function
properly. The fact that tritium might also be
used with deuterium for nuclear fusion could
increase demands.

Extracting lithium from hard rocks is
laborious and expensive, however, and most of
that produced (roughly 83%) at present comes

from brine lakes and salt pans: salty water is
first pumped out of the lake into a series of
shallow ponds, then concentrated using solar
energy into a lithium chloride brine, which is
subsequently treated with soda to precipitate
Li,CO;. Considerable amounts of lithium are
present in sea water, but its recovery is trickier,
and highly expensive.

It is extremely difficult to estimate the
world’s lithium reserves' — a debate
typically fed by investors and venture
capitalists. The present production of Li,CO,
is about half what would be needed to convert
the 50 million cars* produced every year
into ‘plug-in hybrid electric vehicles’ (with
an electric motor powered by a 7 kWh Li-
ion battery and a combustion engine). The
demand becomes astronomic if we consider
full electric vehicles — which require an on-
board battery of 40 kWh. These numbers
bring fears of a potential Li shortage in a few
decades, painting a dim picture.

This alarming global situation will
hopefully drive researchers to investigate
new battery technologies® and loosen our
dependence on lithium. Fortunately, the
situation improves if one also considers
recycling — the low melting point (180 °C)
of lithium metal and the very low water
solubility of its fluoride, carbonate and
phosphate salts make its recovery quite easy.
Combining further brine exploitation with an
efficient recycling process should be enough
to match the demands of a ‘propulsion
revolution’ that would solely rely on Li-ion
cells, lessening geopolitical risks. a
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