HNCcTOUYHUMKH TOKA.
AKKYMYJISTOPbI, TOIJIMBHbIE 3JIEMEHTbI

Bacunves Cepeeu Opvesuu
(wasq@elch.chem.msu.ru)

http://www.elch.chem.msu.ru/rus/prgfnm.htm
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Pe3ybTaThl KOHTPOJBbHON PadoThI

Makcumanvro 6o3modcnasn ouenxka — 10 oannog

OueHka

He mucanu: 3
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KoHTpoJbHasa padora

2RT

I'yu-Hanmen o, = Tarcs

q

|:>\/E=

Hnvrosuu 1 =%6.29-107nFD,*m

2\/2RTeg, Sh(

_ hl/Z

E T——> 060cHOBaHHUE BBIOOPA 71

2.

3RT1

[Cr(II)EDTA]

q Fo
h — ¢=2J2RT h| £
2 [2RTse, e 1 o Ve (2RT)

Fo,
2RT

2/3_1/6 0
T, >

h, n12D1
h n22D2

E,C—>E, =E +

nF

i =nFk, exp((om — 2PV,
RT

o= q

2\J2RTeg, sh v,
2RT

° [Cr(IDEDTA™]

F _
jclO“c; {exp[a;Tn}—exp ﬂ}}

[Fe(CN), ]

E,C—=>E, =E+

[=1i, {exp[

2.3RTl

nF
anfn
RT

}_exl{_

S TFe(CN) ]

(1-o)nFn

RT

n=£,-(£+0.241)=0.124

n=£,-(£+0.197)=0.004

J



ELECTROCHEMICAL SERIES

There are tloee tables for this electrochemical series. Each table lists standard reduction potentials, £7 values, at 29815 K (257C). and at a pressuge

ot 101.325 kPa (1 atm).
Alphabetical Listing

Reaction E°y Reaction E°w
Ag' e — Ag 0.7996 K*+e = K -2.483]
AgBr+e — Ag+Br 0.07133 La¥*+3e — La
AsCl+e — As+Cl 022233 Mo +2e — Mo ~1.185
AgCN +e = Apg+CN- m"r—,\ Mo¥+3e = Mn™"
a(Cl)=1

Reterence electrode Potential versus SHE.

Yy - V(s S svst S.
CTaHAapTHbI BOLOPOAHLIN "V (aqueous systems

recommended values

for 25°C)

KanoMenbHbIA  Calomel electrodes
HacbILLIEHHbI saturated (SCE) 0.241(2)
HOopManbH bl normal (NCE) 0.280(1)
AeLnHOPManbHbIN decinormal 0.333(7)
XnopcepebpsHbIi Silver-chloride LS‘?’(G)

electrode (saturated '\
KCI)

c(KC)=3.5 M

-2.31



Hayka vs. TexHoJorus

MarepuaJ

/\

BellleCT‘BO (dba3za)

* Kpucrammmyeckas CTpyKTypa
e MexaHn3M UHTEPKAJSILIUN
e KomnmuecTBO U3BJIEKAEMOTO JTUTHS

*Teopernueckass EMKOCTb

* JHEPrUsl KPUCTALIMYECKON PEIIETKU ?

[lorenunan u uzorepma °
UHTEPKAISALNN

*Koappuument nuddysuu

*KuHeTrnka nHTEepKaISIIAN
*B3anMoieicTBUE C pAaCTBOPUTETIEM U
nerpaaanms (BeIecTBa)

v

Hayxa |

>

JJIEKTPOAHANA
KOMITO3U IS

*CocTaB, METOJI HAHECCHUS

*Marepuas ToKonoaBoAa

*PazmepHoe pacnpeneneHue
(AMCIEPCHOCTH) aKTUBHOT'O
Marepuana

[IpakTryecku u3BIEeKaeMasi EMKOCTb

*3aBUCUMOCTbD MPAKTUYECKON EMKOCTH
OT CKOPOCTH M YMCJIa IUKIOB

[Ipupoa u MEXaHU3MBI IeTpAAUN

Texnonocusn




JloCTOBEPHOCTH U3MEPCHUH

LiMn,0,
08YX371eKMPOOHAS _ Mpex21eKmpOoOHaAs
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53B
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3 3B

2 3B

13B

0 3B

IHoTreHuua U padouee HANPSKEHUE

i V(V
ol Sl LiCoO,
4.0 ‘
l«—LiNivO, 36"
I*— Li, NiO, Li, ,CoO, Li, ,Mn,0, 3.2-
28 V
R - DISCHARGE
‘F«—LiXMnO2 | 24 -
I |+ Lo, -
.|« Li,TiS YT
«— Li,MoO, . 167 V DiscHARGE
" «— Li, Kokc I Li, WO, 1.2 1
) Li, rpacput 0.8 -
5020 1;5 ' 1}:0 | 0;5 0o 04 .. | LIXC6  /
Li Mn,0, 0.0 V—— : :
o 0.3 0.4 05 0.6 0.7
g Tetrahedral sites
:‘B 4.0
§ 3.5-
3.0- Octahedral sites
(C2>xb1 |
S 1 1% 20 250 300

Capacity (mAh/g)




KaToaHbIe MaTepuaJIbl

TeopeTnueckas eMKOCTb: 280 MA *u/T
PeanbHast eMkoCTh: ~145 MA*4/r (110
x~0.5, CTpyKTypHasi HEYCTOMUYHUBOCTb )
D~107 em?/c

o~1073 Cm/cm

E~42 B

LiFePO,

TeopeTuueckas eMKOCTb: 170 MA*u/T

D~10715 em?/c
6~10 Cm/cm
E~35B
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KiroueBas craaus

Ipouecchbl HHTEPKAJSUMYA UOHOB JIMTHS B TBEPAYIO (pa3y: Tpancnopt Li B 3jekTpoaHom
MaTepuaJjie HauboJee MeaeHHast cragusi (D=10"7+10-15 cm?/c)
0

S
. Cc, —C
E =const i=+nFD,—A—%L O, pp =NTDE — a¢dexkTrBHAS ToJMMHA TU(HPY3HOHHOTO CITOSI
D, ¢t
1.0 5 2400——
2100/
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2000—
0.8
D=10"° cm?/c
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/"
1000
04 1000—
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807 |——50
0.2 _ 2o o] | 0
_— 150 —150
/ 100 200 -
— lOO/100 : "
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X, nm zg




?

KiroueBas craaus

IIpoueccsl HHTEPKAJISALIMYA UOHOB JIMTUS B TBepaAYK (a3y: Tpancnopr Li B
3JIEKTPOAHOM MaTepuaJje HanOoJiee MeaaeHHasa craaus (D=10-7+-10-15 cm?/c)

LiCo0O, — kuHeTHKA CTaJUH IIEPEHOCca 3aps/a

T T T T T T 6 T T T . T . : . .
1.5- ;
| 50 uVis 1500 uV/s b
1.0 1 4
0.5 N
20
< 0.0 - )
—_ < 0
-0.5 4 i —_
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] —— EC/DEC | water |
151 / - - -~ fit ] 4] | ——EC/DEC |
T T T T ] v -- - ﬁt
3.80 3.85 3.90 3.95 4.00 4.05 — . -
E, V (vs Li'/Li) 3.6 3.7 3.8 3.9 4.0 4.1

E, V (vs Li'/Li)
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KiroueBas craaus

IIpoueccsl HHTEPKAJISALIMYA UOHOB JIMTUS B TBepaAYK (a3y: Tpancnopr Li B
3JIEKTPOAHOM MaTepuaJje HanOoJiee MeaaeHHasa craaus (D=10-7+-10-15 cm?/c) o

nano-LiFePO, — KHHETHKA HyK/Iealllu (3apo:K/ieHusI HOBOW (a3bi)
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Voltage vs. Li/Li" (V)

«PazmepHbIe» 3P PeKTHI

= "
. ] h v "

4C 2C 1IC G2 G50

4.4 (b) LiMn, ,Ni

Li, ..O

00750075 4

" . y T —
0 20 40 60 80 100 120 140

Capacity (mAh/g)

ILlnoTHOCTH TOKA: C/(4KCIIO YacoB)

Bpewms niosiHOro 3apsikeHus
YaCTHUILBL:

[~ (pazMep yacTUIbl)’
D,
(oyenka 3¢hgpexmusrozo

Koo uyuenma oupghysuu)

3.57

(spinel)
3.09

Voltage (V)

2.5

50th%y100th

2.0

1st 50th 1st
0 20 40 60 80 100 120 140
Capacity (mAhg™)

B.Kang, G.Ceder, Nature 458 (2009) 190




YiayudlieHue TPAHCIOPTHBIX XapaKTEePUCTHK
.

LiFePO, 7‘":
l 4 ¥
N
YMeHbLeHne
Pazmepos

Al-donbra Caxa

L —~

Platelet-type particles

YBenu4yeHue aneKkTponpoBoaHOCTU COEAUHEHNS




Heopraumueckuii {U3alH 3JIEKTPOAHbIX MATCPUATIOB

» KatnoHnnoe 3amenieHue
» VBenuueHue kodddunuenta nuddysuu

» CrexuoMeTpus
* VYBeJIUYECHUE 3JIEKTPOIPOBOJHOCTH

» KaTnoHHOE ynIOpAA0TOYCHUE

° UT.I.
* Pazmepsl u Mopdoutorus
* 3alIUTHBIC/FEKTPOKATATUTUUYECKUE MMOKPBITHS
B . NaNi, ;Mn, ;0, — LiNi, sMn, O,
N1t
o Q B 1900 e
B(H’ - A |' " - FJ.- l‘
y 700 / A B e ™
\ﬂ‘ E 23 - ! a |E’.LiN,i'“_\|nF201j
o o % 400 £ . NG S
\AAA Rl SO A
Transition metal G | N* | M* | N | ™ | " | NP 5 : ’ S S S
: = ; £ d0min SSLINDE Mn__ O ]
Activationbarrier (meV) | 490 490 | 30 | 30 310 270 | 20 o O @ = 200f Y de 1Y WA
E- I | 6 min
Co’* — Ni?* - ysenuuenue D B ~57 pa3 \ A b b FELd
. . . Li Ni 0 10 100 1000 10000
LiCoO, — LiNi, sMn, O, L L Specific power (W/Kg)

K.Kang et al. Science 311 (2006) 977



DJIIEKTPOKATAIUTHYCCKH

|—— LiCoOLATP glass
= LiCoO,/NbO /[LATP glass
5 LiCoO,/ZrO /LATP glass

- — LiCoO_/MoO_/LATP glass

=

o

E 0
O

-5 L v 1 v 1 v 1 i | & T
32 34 36 38 40 42
Voltage / V vs. Li/Li"
200 -
—=— LiCoO /LATP

> —8— LiCoO,/NbO JLATP
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@
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0 . . l
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Cycle times
J. Mater. Chem., 2011, 21, 10051

IokpbiTHA

3anMTHLBIE

resssas AlF3 Iayer

200

180

160

140
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Discharge capacity / mAhg'1

100

Number of cycle

Y .-K. Sun et al. / Electrochimica Acta 53 (2007) 1013—-1019



JJIEKTPOXUMHYECKHE METOAbI HCCJIeT0BAHUSA

SSCYV — Slow scan-rate cyclic voltammetry
PITT — Potentiostatic intermittent titration
GITT — Galvanostatic intermittent titration
EIS — Electrochemical impedance spectroscopy

Table 1
List of relevant techniques, namely, the fine electroanalytical tools, their mput,

output, time invariant parameter and differential (insertion capacity) form

Technique Input Output Time invariant parameter, @ Cj

SSCV E’+vi [vs. E Ly 2 (vs. E) Ly

PITT AE I vs. t It "2/AE (vs. 1) AO/AE

GITT I(A7) Evs. t dE/di* (vs. 1) I(At/AF)

EIS A —Z", 7" vs. o A, (the slope of Z"” or —1/w 2"
(Esin(wi) 7' vs. o"* w—0

Comment: The diffusion time, 74, 18 a simple function of the time-dependent
kinetic parameter (/¢ V2IAE, A, lpv_l"'z, etc), characteristic of the technique
applied and of the differential intercalation capacity, Ciy:.

D.Aurbach, M.D.Levi, E.Levi, Solid State Ionics 179 (2008) 742-751



3aBucumocTs ko3P hunuenra Aud@Py3un oT cocraBa

rpagur
15 -8
Graphite KS 6 in 1M LiAsF,in EC + DMC (1:3)
- -B.5
wmin=5 mHz

0.105V Lal

0.160 V

400 = w.

I/ 1A
©
o

log D/ cm?s™

0 100 200 300 400
210 r-10.5

Phases T+1 | T+ 10 | TV, 1T Diluted phase I+ 1Y Dilute phase [

' T . ' - v T -11
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45

E/V (vs. Li/Li%)

D.Aurbach, M.D.Levi, E.Levi, Solid State Ionics 179 (2008) 742-751



Potential vs. LI/LI*

AHOAHBIE MATEPUAJIbI

A %
Anode and Cathode Materials:
Possibilities
6 - .
Cathode materials: .F,
Lithium/Li-ion
5
Olivine: LiCoP0Q4
Spinel: LiMn1.5Ni0.504 _
Olivines: LiMnPO4,LiMn0.8Fe0.2P0O4 i
4 Layered: LiNi0.5Mn0.502, LiNi0.33Mn0.33C00.3302, 02
n“vu LiNi0.4Mn0.4C00.202 LiNi0.8Co00.15 AlD.0502
Olivine: LiFePO4 )
3 i} o
Anode materials:
2 Layered: LiTiS2 thhlum.’l..l-lon
pg Li4T15015 Metal oxides (conversion type)
1< | Graphite

0 250

Sn

200 750 1000 1250 1500 1750 3750 4000

Capacity / Ah kg

Mikhael D. LEVI

Department of Chemistry Bar-llan University Ramat-Gan 52900, Israel



AHOJAHBIE MATEPUAJIbI: KPEeMHUI

O4yeHb BBICOKASI EMKOCTb,
HO 3HAYHUTEJbHOE U3MEHEHHEe 00beMa NP JUTHPOBAHUHU

KOMHO3I/IIII/IOHHI>I€ MaTepHuaJlbl

Potential (V) vs. Li/Li"

Carbon 47(2009)3383-3391

500

1000
Capacity (mAh g")

HaHocTpyKTypUpOBaHUeE




Sn

Li,Sb

JINTHH-MHTEPKAJIUPYEMbIe CIIJIABbI

\

Li
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‘ugn gl
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qs®11 + “us
qs + us
qSUuS + US
"1 (& ]
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1.0

1/ °SA A / (B0

Electrochimica Acta 45 (1999) 31-50



Specific capacity / mAg-

NHTepKAJIAIINA MATHUS

(C) 2
’
-3
* b’
L
> a Cation
245 1 b site
w
0 5 1 1 |
0 0.5 1 1.5 2
X in Mg,Mo,S;Se,
(B) 0.15
110 & 01t
WS; 0.05 F
& w $ o
Z 005 !
go L MgXMOBSB -01 i |I
-0.15 ‘b :
| | | | 0.8 12 16 2
= 20 40 60 80 ELvve:Mg)

Cycle number G.S. Suresh et al. / Electrochimica Acta 53 (2008) 3889-3896



NHTCepKAJIAINSA ATIOMUHUASA

3
o
Cathode
Cha;?e N w
Al W
Discharge
——
A|3+
Al Electrolyte A-Mn,0,
(fcc) [EMIm]*AICI ;- (spinel)

Charge 3
e ne @
l Discharge Load ne T
ne ne
ne
TnE ,l,
3]3"
\_/-\A.l"‘
- e

Legend: . Vanadium @ Aluminium @ Oxygen

Advantages

- Significantly higher specific energy
density: The aluminum-ion battery can achieve
3-4 times the specific energy density of a
lithium-ion battery.

- Cost effective: The aluminum-ion battery
can potentially provide a battery-system-level
energy density exceeding 200 Wh/kg (mass
density) and 300 Wh/L (volumetric density) at
system-level costs below $250/kWh.

a Battery discharging
0
Qb% é)&
£ £

e‘+ - - ve

Anode U Cathode
(aluminium) (graphite)

AICI/[EMIm]CI

' lonic liquid
Vil

Al + 7AICI; — 4Al,CIZ + 3e” C,[AICI,] + e — C, + AlCI}



MeToabl XapaKTePUCTUKH HHTEPKAJIATOB
U NPOAYKTOB Jerpajaunuu

UK, Paman PentrenoBckas
CIIEKTPOCKOITHS

SAMP

Swagelok junction Teflon sealings

Lithium

Cathode

Beam

EfV

Aluminium

(100pm)

Separalor

Copper Epoxi-resin 1-2mm

| |
1.0 0.8 k] 04 o2 0.0

®in LM, oy .0

Pentrenosckas u
HEUTpOHHAs TU(PaKIIUs

009 , 107 018 §

110 113

discharge

charge

18.0 18.5 19.0 19.5 20.0 205 21.0 21.5
20/°

K. Nikolowski, N.N. Bramnik, C. Baehtz, H. Ehrenberg, H. Fuess,
ECS Transactions, 1 (26) 17-26 (2006)



Busyaausanusa mexanusma 1u(ppy3um JATHA

Buvicokomemnepamypnas neiimpornasn oughgpaxyus

LiFePO, (298K)
[010] m[om]
. ] 0.2 fmA-3 B

o A
[010] direction [010] direction Nature Materials, 7(2008)707




TonauBHBIE JIEeMEHTbDI

i

Lo o

Lo d

!_"_||_|I_|I_|I_II_|I_|I_H_|I_|I_|I_|I_|I_II_|I_|I_H_\!_|l_|l_ll_|l_ll_|l_|l_\l_H_|l_|l_|l_- 1

L
[]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
[]

1— 3amac BOCCTaHOBHUTEJIS (2JIEKTPOXHMUUYECKOI'O T'OPIOUEro);

2 —PperyJupymolIlle yCcTpoucTBa; 3 — 3JeKTpoAbl; 4 — 3aIac

OKHCJHNTEJA; 5 — KOHTYP IUPKYJIAINH 3JeKTPOJHUTa OJd yaa-
JIeHUS IIPOAYKTOB peaKIiuu

TomimBo:

Boaopoa

* 'mapasun

* MeTaHoJI

* MypaBbuHas KUCI0TA

* DTUJICHTJIUKOIb

DTaHOJ

* Monookcuj yriepoja

YT1€BOI0OPOIBI

bopruapu b



Tunsl TONJIUBHBIX YJIEMEHTOB

Tun

AHOIHAg PEaKIIHA

Karonnasg PE€aKIIHA

C mpoTOHOOOMEHHON
MemOpanoil (PEMFC)

H,> 2H +2¢

O,+4H"+4e - 2H,0

Mlemounsle (AFC) H,+20H = 2H,0+2e O, +2H,0 +4e- > 40H
@ochopHOKHUCIIBIE H, = 2H*+2e O,+4H"+4e - 2H,0
(PAFC)

Ha ocHOBe KapOOHATHBIX
pacmiaBoB (MCFC)

H, + COEE' -> H,0 +CO,
+ 2e°

0,+2C0, +4e- > 2C0.>

Teepaookcuaaeie (SOFC)

H,+0 > H,0+2e

0,+4e > 20

PaboTaroT 11pu IOBBIIIIEHHBIX TeMIIepaTypax




Tunsl TONJIUBHBIX YJIEMEHTOB

Load
Unreacted H, Unreacted
CO and O,/N; and

reaction gas reaction gas
ﬁ-

ﬁ p—
CLLLLR LR R LR TR LR R R R L RN LR LR LR LRI RN LR LR R R R N R LR E R Ly LR L LR L)

AFC H, ——* OH- «— 0,
60-90 °C H,O* e
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Anode Electrolyte Cathode

Chemical Reviews, 2004, Vol. 104, No. 10, 4245



Boaopoa — uaeajabHbIA, HO HENPAKTHYHBIA
)M 1

48 m;/rf""\~

=

(a)

MgH, Mg,NiH;  H,(liquid)  H, (200 bar)
52.6 kg 111.3 kg 4kg 4kg
fuel specific energy (kWh kg ™) energy density (kWh dm ™) ~ 120
T
liquid hydrogen 3.3 237 ;:
hiydrogen (200 bar) 33.3 0.53 &0 100
liquid natural gas 13.9 2.6 el
natural gas (200 bar) 13.9 2.3 E 80
petrol 128 9.5 S
diesel 12.6 10.6 =' 60
coal 8.2 7.6 E
LiBH, 6.16 10 2 40
methanol 5.9 44 72
wood 42 3.0 g 20
electricity (Li-on battery) 0.55 169

Phil. Trans. R. Soc. A 2007 365, 1043-1056

diesel
B etrol
metal hydrides of the light L2 O
[ hydrides chemical elements
e liquid hydrogen density

B - liquid hydrogen tank
- © compressed H, (700 bar)

| | 1

5 10 15

gravimetric H, density (wt% of H,)



DJIEKTPOAbI-KATAJIN3ATOPBI

/\.

MeauaTopHbIi EPEHOoC JAuccoumaruBHas
3JIEKTPOHA azcopouus

* BricokoaucIiepcHbIE METAJIbI (UEPHU, HAHOYACTUIIBI HA HOCUTEIISX,
«CKEJIETHBIE» MaTepUaIbl)

* MoauduimpoBaHHbIe METATUTHISCKUE IJICKTPOIbI
* 08YyMepHble A0COPOUUOHHBLE CIIOU MONEKYI-MeOUuamopos
* CYOMOHOCIOU UHOPOOHBIX MEMATIIO8
* KOMOUHAYUU MEMANT-OKCUO

* Hemeramnuueckue KaTaJIn3aToOPhbI



Il1aTuHa — JUCCONMATHBHAS aCOPOLHS

Ancop06aThl UACHTU(DUITTPOBAHHBIC

IIpeBparenus agcopoaToB
meronom UK-cniekrpockonnu

+ 2ZH,0
—— —»

2C0 + 6H, 4,
6H" +6¢”
OH o
| | —2|CH|_,_+2H,q
THz THz (|3H3 2H" + 2¢~
C o CH; , g CHs O © 20205 2C0, + 10H 4,
/1IN, N | N/ 10H* + 10e
ITI H I.i }.I H H (,) g (.JH2 c C
Pt Pt Pt Pt Pt Pt Pt Pt
@ . © @ @ ® Destruction | o [CI:-I2L a
w1 f
OH 0" \C/ 0O 0O o H Catti— [era=crta |
| | N/ N/ :
/ ’ \ /T\ (’) C ¢ Polymerisation [CHz_CHz CH"‘] ads
Pt Pt Pt Pt Pt Pt Pt Pt
©) ®) ® @ e
|—>CH3CHO + Hads
budyHKIIMOHATLHBIN KaTaIu3
CO(aac) + OH (aac) > CO2 CH3CH,OH *[CHSCHOH + Hads
-—=H'+e”

R :
Pt Ru

O.A. Petrii, in Handbook of Fuel Cells - Fundamentals, Technology and Applications. Volume
2: Electrocatalysis, Wiley:2003, ISBN: 0-471-49926-9. Chapter 45, 662-678



CaMmouMHIruOMpoBaHHUE

Pt 100)

2.0 ! C,H,OH +
sk 0,1 M HCIO,

Pt poly

-

“_'.] [T pe— — T

L i L i L i L L 1 i 'l

Pt{110)

Current (mA)

| | N
0.5 Potential (V vs. RHE)

Current density / mA cm
s

0.0 e >
. Log |

L i 1 i 1 L 1 i 1 L Il EODL
Pt(111)

-

ol CTaLMOHAPHbIA TOK
L=

600

(v}

0.0 0.2 0.4 0.6 0.8 1.0 1.2 400

Potential # %V (vs. RHE) &MIHOBEHHbIN» TOK

O.A. Petrii, in Handbook of Fuel Cells - Fundamentals, Technology and Applications. Volume
2: Electrocatalysis, Wiley:2003, ISBN: 0-471-49926-9. Chapter 45, 662-678



MeauaTopHbIN KATAJIU3 BOCCTAHOBJICHUA KHCJI0POIa

S +2H OH 41" 4e°
M| ——=M s M+2H0
N N
O OH
M
O oyt MOH e
| M + 2H,O
0 M—OH
M
2H +2¢° Fe(IIIN, m
S M M 228 M H,0, g
O +e’ O e \O
> = i N_Fe(INO,H OH
= O - AH +4e ¢ eC
| > M+ 2H,0 Cu(I)N,

Cu(II)N*

Q. He et al. / Journal of Power Sources 196 (2011) 7404— 7410



TunuyHasa NOJAAPU3ANUOHHAA XaPAKTEPUCTHKA
U(I)=E-|AE,(I)|-| AE,(I)| IR,

OoCV

1.2

(mass transfer
limitations)

o Activation (electrochemical losses)
A =
> Ohmic
Qo X
g © Concentration
=
S ©
= O
S Momuocts P=Uel
<
Q
()
Current, mA/cm? =
1.2
Maximum Theoretical Voltage
1.2 i
Theoretical Voltage Characteristic -- Ohmic Losses Only 1
S 1.0 \o— .
% Oxygen: 0.8
o 08 - Oxygen Reduction >
5 and Ohmic Losses E
¢ 06 1 / \ Z 0.6
% AlR: Limited by | %
= 04 1 Oxygen Gaseous Diffusion “~__ o
g Reduction ~—_ 0.4 -
0.2 - and Ohmic T

Losses Hydrogen Oxidation

Current Density (A/lem~2)

Chemical Reviews, 2004, Vol. 104, No. 10, 4245

+ 200

- 100

Power Density, mW/cm?



HNmnenanc

CDL CDL
Internal ||
I I Resistance ||
Z anode _W_ Z cathode _W_
DIFFUSION
(WAREURG BEHAVIOR)
x | ACTIVATION ¢ \CREASING
0 PROCESSES
(E?i

Chemical Reviews, 2004, Vol. 104, No. 10, 4245




TecTupoBaHue: BoJIbTaMIEPOMETPUA

dKTUBHOCTD B OKHCJIICHUHU

< A '
#'-f'—f 0.0 f'ﬁ HJ\;,—“”::-"—:iy{,?_.--—j |
~ Na' \/ <
i \ |
/ E
05+ vV | —
—t }

HCTHHHAA ITIOBECPXHOCTD

OndpdepeHumnanbHaa »
aneKTpoxumuuyeckasa £
MaccC-CMeKTpoMeTpuss =
(DEMS)

EQCM

0.5 \ / OpPraHru4YcCKoOIro TOIlIMBA

- ———— —t—t — -

(b)

/ k m/z = 44
!

EIV

1.5




Bpamaomuucs IMCKOBbIN 3JICKTPO/I: Olpe/eIeHue
AKTUBHOCTH B YCJIOBHAX CMEINAHHON KUHETHKHU

e PaBHOMEPHOCTh HAHECEHU S

/ KaTalan3aTopa

* TommuHa cnos Kataau3aropa

» 3aTEeKaHue U mp. \
3 I ! x I
i 500 mv ]
w o E 2 700 mv]
: s a a
- < 760 mv *
E .
20 RN 800 mv-
' ' ' " o @ e2ww 7
O W 463 wt% 4
— A A 293 wWt%
E 1 5 L v ' 19.2 wt% | i i
o 760mv 0 5 10 15 20
% 1.0 F n ® - L7/ pm’?
= 800 mv
= 05 .
8
0 I | I | 1 g
0 2 4 6 8 10 12 — . . ————

0.30 0.:15 O.ISO D.I?E 0.90 1.05
E/V (vs.RHE)

E. Higuchi et al. / Journal of Electroanalytical Chemistry 583 (2005) 69-76

We¢ / pg em’”



TecTupoBanue

PowerBagXL
(48 cell stack, low pressure, low temperature, high efficiency,easy to handie) assem bly
ca. 150 h
bum-i
VvV  EIS
Vi CV
VY
Cig
max. el. net power (DC):
1040W (26V @ 40A)
Electric loss for auxiliary
_less than S0W,|
Total voltage loss =
41 -E-
o
=
-
o =
reversible voltage loss c
@
K
~
anode cathode
cathode
irreversible voltage loss
. : . . . . |
20 40 60 80 100 120 140 160

1000

800

500 W%

400

200

0

disassembly

ex-situ I

|

ca. 2000 h

long-term measurem:

| |

EIS ElS EIS CV TEM
cvV vV CV Vi REM
N EDX

standard procedure to obtain comparable results
burn-in period for reproducible performance at the
beginning

long-term measurement with specific operation
parameter

approx. every 500 h characterisation by CV and EIS

Langsame Degradation

e

N

Schnelle Degradation
| | | | |

400 600 800
Zeit [h]

200 1000



Karaauszarop + HOCUTEJIb = 3JIEKTPOA

(Mukpo)ctpykrypa (XRD, SEM, TEM)

IlopuctocTh (mopometrpusi, bIT)

DJIEKTPOXUMHUYECKU aKTUBHAS MIOBEPXHOCTH («IBOMHOCIOMNHAsSI eMKOCTh», CO,
H, UPD metannoB)

Tpexdasznas rpaHuiia ra3/3aeKTPOTUT/IIEKTPO/T

SINGLE CELL HARDWARE

GAS DIFFUSION
BACKINGS

B3anmoBaunsiaue
KOMIIOHEHTOB

GRAPHITE TEFLON CATALYZED TEFLON GRAPHITE
BLOCK MASK MEMBRANE MASK BLOCK



IlepeocakaeHue NJIATUHbLI B MEMOPaHy

IIepeocaxxaeHne IIaTHHBL B MEMOpaHy



NHaTeHCcnpukanus
yeeauueHue memnepamypuol

« +1.0-2.5 MB/°C

* YBEIUYEHUE CKOPOCTEN ITPOLIECCOB HA JJIEKTPOAAX

* YCKOpEeHHEe MaccollepeHoca

» CHuxenue conpotuBiieHust MemOpansbl (IR)

* CHIZKeHUEe KOPPO3UMOHHOM YCTOMYUBOCTH MATEPUAJIOB

* BoicbIxanne MmeMOpaHbI



AFC

duaekrpoaut: 6-9M KOH, no 80 °C

Karanusaropsl Boccranosjaenus O, KaranmsaTopnl BoccranoBjenus H,

* IIpocteie oxkenabi: MnO,, UO,, NiO, RuO  « Uurepmera/uinast AB,:
(T10.8Zr0.2)(V0.53Mn0.107Cr0.16N10.2)2

* Mlonuposaunkie oKcunpL: ZrNil.2Mn0.48Cr0.28V0.13

Na, ,MnO, s, MnO,-Ca(Mg, Ni, Bi, Cr)
* Unrepmerauinael AB.:

* Ci0:KHBIE OKCH/IBI: MmNi13.88C00.85Mn0.39A10.4

MMn,O, (M=Dy, Ho, Er, Tm, Yb, Lu),

mmuHenn A B, O, (Co, Mn, Cr, Cu), * IIpouee
neposckutsl ABO; (A=La,Ca,Sr, Ni Penes (nmpumecu Cr, Fe)
B= Co,Mn,Fe,Ni) cmaBbl (Co-Mo, Ni-Co)

* A TaKKe: Au, Ag
KMnO,
MHOroCIOWHbBIE YIJIEPOIHbIE HAHOTPYOKHU
I'padur + B,, (kommiexc Co(III))
Cu,FeS, (Mmunepan)

Cog, ¢Ps 4 (crimaB)

[TaccuBUpOBaHHOE KENE30
AHTpPaxXWHOH HA CTEKJIOYTJICPOJIC
[Trponr30BaHHBIE MAKPOLUKINYECKHE
coenunenus (Co, Fe)




DMFC, PAFC
aHoael = Ru, Mo, W, Sn ... + Pt + Co, N1, Fe = katoan!

CH,OH — CH,0H,, + Yri1epoHblil HOCHTEb

g Kommepueckue: E-TEK, HiSpec, IM
CH,0H,_, —2>CO_ +4H +4e

k - .
HzO%OHad,pt TH te OCHOBHbIE XapaKTePUCTUKH:

k}l .
* yaeiabHasi HoBepXHOCTh (specific surface area)

ks 5 .
H,O0—/—0H +H +e :
2T, *dRu « conep:kanue karanusaropa (loading)

Crapenune karanmu3aropa

PactBOpenue karanuzaropa

Koppo3zus caxu

BzanmoneiicTBue ¢
MeMOpaHOoi




N-oH4+05 — N>

DHFC. DBFC

+2H,0, E°=

1.61V

BH,~ +20, — BO,~ +2H,0 E°e = 1.64V

(NaOH)

Proton (H*) exchange type 9

Anion (OH™) exchange type
Luadm o-JPWLoad

Karoa: Pt + yriepoaHblii HOCUTEIb
okcuaHbie matepualsl (AFC)
anona: Pt-Au-Pd-Ag-Ru-Ni
Ni-Zr u np.
MemOpaHna: Nafion, aHnOHHBIE

@
e ®
] N O : us.'m r.nu:-i{ll im_\r,r:rr\' '—L—LL\'umn r.:ll.‘-(.'LII imm,_\la'r\' ; ds
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= -— B e
T "'" N o e,-e//eﬁ—ﬁ' e. J400
H,0 2@ / Hrenen, Y v
2 H.O 3 AN o 03
Prot h 2 Axl h \ .
roton exchange nion exchange N 1300 2
Electrode  veombrane 9 Electrode membrane ? 2 ;: Z
(Platinum) idi {Platinum-free) = £ = — \ 150 &
Acidic Alkaline £ e A\ ° =
= = {200 2
0.2 e\@\ \1\ 41350 ;
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; i cathnde \\ ™ »'e\; . Current density / mA em”
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— T —
z ., \\ R Y MEDIS Extreme Fuel Cell
g V4r o T~ D ~
s o, "““‘M-H_h_x T 4M
: N « oo Charger (20 Wh, 25%)
L] ]
06 < OAM 6
E
g R T
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N o = " > 4
L " Ladl |3
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1 |
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Current density (mA.cm™?)



PEMFC

MewmOpana: Nafion u ap.

—~ Cathode

.~ Electrode Platinum (3-5nm) ‘EECFz—CFz%CF—CB%
:_‘ ' ‘ X Y
2 ’ ¥ 4 0N ’ !

OCk,— (IZ‘.P—O(Cl-'g)z—503H

Anode
Electrode

H, or CH,OH — @

CFs
TR
0o0eY N
00 : ,@ng “
on carbon with OO0y

0000

polymer matrix _ .

Carbon Black (300 nm)

:-S0;

: protonic
charge
carrier

:H,0
KBT

Chemical Reviews, 2004, Vol. 104, No. 10, 4587 Chemical Reviews, 2004, Vol. 104, No. 10, 4535



Table 1. Standard Cell Potential, E°, for Various Fuels
at 973 and 1073 K (Reprinted with permission from
ref 164. Copyright 2004 The Electrochemical Society,

SOFC

« KJITP

 XMMHUUECKHUE B3aMOJEUCTBUS

U OTPAHUY€eHHUS,
MOJAXO0AbI K
HCCJIeT0BAHUIO
COXPAHSIOTCS.

2
: ; e
2- 2- -
OcHoOBHbIe TpeOoBanus Electroyte O l O l o 'L @
e
—>

Cathode

Anode

CO,, H,0 Combustible
Fuel

Inc.)
fuel E°, 973 K (V) E°, 1073 K (V)

hydrogen 1.01 0.98

carbon monoxide 0.99 0.98

methane 1.05 1.04

n-butane 1.13 1.12

toluene 1.13 1.12 02- 9
n-decane 1.14 1.13 0)

0%
YSZ Electrolyte

Chemical Reviews, 2004, Vol. 104, No. 10, 4845




buoronjauBHLBIC 3J1eMEHTDI

V:ce" 110 MKA/cm?
1.04 B
leel A
(») Ross /.
/
TJIFOKO30KCH1a3a nuToxpoMm C
R S

Glucose O, e
4

Gluconic H,O &

acid

© ©, ©  cathode
Electrolyte

® © O ®

Chemical Reviews, 2004, Vol. 104, No. 10, 4867



MuKpoOHM0JI0THYEeCKHE TOIJINBHBIE 3JIEMEHTBI —
nepepadoTKka 0TX0aA0B

Resistance

- D

Anodic reaction : CH;COO

microbes

+ 2H,O0 — 2C0O; +7H" 4+ 8e

Cathodic reaction : O, +4e +4H" —2H,0

Basic components of microbial fuel cells

[tems Materials Remarks

Qs
0
2]
|0
o =2
S o
o %X % £
g8 Y = x
[ =5 w @
S =G
= o
@ Q 2=
o @ Lo
Priqtc-n
— Fe3* -L
g Cystlne
// Sulfur
Substrate - AQDS
™ ‘//Oxldlzed Humu:.S\
) {( } Anode
Reduced Humics
Cg’ \ EAHQDS

2
—_—
\ S T Sulfide //
., “«-—Cystem
N
~— Fe?*

Z. Du et al. / Biotechnology Advances 25(2007) 464-482

Anode Graphite, graphite felt, carbon paper, Necessary
carbon-cloth, Pt, Pt black, reticulated
vitreous carbon (RVC)

Cathode Graphite, graphite felt, carbon paper, Necessary
carbon-cloth, Pt, Pt black, RVC
Anodic Glass, polycarbonate, Plexiglas Necessary
chamber
Cathodic Glass, polycarbonate, Plexiglas Optional
chamber
Proton Proton exchange membrane: Nafion, Necessary
exchange  Ultrex, polyethylene.poly
system (styrene-co-divinylbenzene); salt bridge,
porcelain septum, or solely electrolyte
Electrode Pt, Pt black, MnQO,, FeB', polyaniline, Optional
catalyst electron mediator immobilized on anode




