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Motivation

® 3d transition metal oxides
A Conversion mechanism

A High theoretical specific capacity
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Theoretical capacity:
Fe,O;: 1007 mAh gt
Fe;O,: 926 mAh g
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Literature Data in the Li-Cu-O System '&J(IT

Phase Temperature stability range (@) Somle: aL%
LiCuO <980 °C 298.15 K
Li,CuO, <1020 °C

LiCu,0, 890171 1050 °C in air

stable in argon, polymorphic
transition around 720 °C
LiCu30, > 800 °C in air
LICuO,**
Li;CuO,
Li;Cu,0, 2507 330 °C in oxygen

**can be only synthesized via delithiation of Li,CuO,

Is the LiCu,0O, phase
stable?

N.A. Godshall, Solid State lonics 1986, 18&19:788-793
S. Patat et al., Solid State lonics 1991, 46:325-329



AIT

Karlsruhe Insttute of Tachnology

Phase Stability of LiCu,0,

® Sample synthesis via mixed oxide method from CuO, Cu,O and Li,COg4
® [n argon/ 20 % oxygen mixture

® Simultaneous DTA/TG (Setaram)
® 200-950°C, HR=10 K/min, 3 cycles
® Irreversible phase transformation

accompanied with mass gain I G
during 15t cycle

2LiCu,0,+ 1,0, -

W Reversible step reaction in 2"d and 3
cycles
® Formation of LiCu;O,5 and LiCu,0,

(in accordance to Bush et al.)
A.A. Bush et al., Inorganic Materials, 2004, 40:44-49
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Phase Stability of LiCu,0,

In argon

Simultaneous DTA/TG (Setaram)
200-900°C, HR=10 K/min, 3 cycles
Reversible phase transformation at 720 °C
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Sample synthesis via mixed oxide method from CuO Cu,0, Li,COg4

® First order transformation from orthorhombic to tetragonal LiCu,0O, (according to

lvanov et al.)

HeatFlow (uV)

exotherm T

— LiCu,0, is stable at
low oxygen partial
pressures

endotherm l

S. A. lvanov et al., ArXiv e-prints, Nov. 2012
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Enthalpy of Formation: Drop Solution Calorimetry ===.2%%.%.

Platinum tube for bubbling gas

Al,O, lid
SiO, glass dropping tube

SiO, crucible, 28 ml volume

SiO, glass liner

Platinum crucible, 20 ml volume

Inconel protection tube

ATwin Calvet type calorimeter
ASensitivity: 0.00463828 J/uVs (Left Side), 0.00466871 J/uVs (Right Side)

ASodium molybdate (3Na,0@Mo0O,) solvent used for solution calorimetry
ASolution calorimetry performed at 700°C

Maren Lepple - Thermodynamic Aspects of Copper Oxides Used as Electrodes for Lithium lon Batteries
EnMat 2013, Karlsruhe, Germany




Solution Calorimetry -\\J(IT

® Determination of enthalpies of formation of the ternary compounds in
the Li-Cu-O system

1. Thermodynamic cycle: enthalpy of formation from the oxides

298K
r, ox

DH
Y5 Cu,0O + Y5 Li,O > LICuO

% H(Cu,0) % H(Li ,0) N DH,, (LiCuO)

v

2 CuZO(sqution) + 2 I-iZO(sqution)

[]_IZQSK — % I:]_Ids((':UZCD) + % D_Ids(l—l 20) B []_Ids(LICUO)

r,oXx

Maren Lepple - Thermodynamic Aspects of Copper Oxides Used as Electrodes for Lithium lon Batteries
EnMat 2013, Karlsruhe, Germany



Solution Calorimetry A\‘(IT

® Determination of enthalpies of formation of the ternary compounds in
the Li-Cu-O system

2. Determination of enthalpies of solution of

Ve

A Binary oxides

Navrotsky This work

Li,O -93 + 2.3 kJ/mol** -

CuO 44.2 + 0.4 kJ/mol* 44 + 1 kJ/mol 5.

A~ Exo
-2.54 Heat : 1,832.442 (UV-5)
CUZO - -67 + 15 kJ/mO| T:696.01 and 636.02 (°C)
t:9.7 and 106 (h)
-3 Peak Maximum : 695.968 (°C) /1 9.542 (h)
Peak Height : -1.547 (%)
Ve . . , iagdl Onset: 635.985 (°C) /9677 (h)
i Offset: 111
A Ternary OXIdeS LICUO, e S Baseline Type : Linear
E -4.5‘ ey
L i
T :
T -5
Heat: -1,698.82 (pV-s)
H R = T: 696.03 and 696.00 (°C)
L|CUO '69 i 1 kJ/mOI a8 t: 7.6and 8.5 (h)
Peak Maximum : 696.033 (°C) /1 7.758 (h)
-6+ Peak Height : 1.57 (uv)
Onset: 695989 (°C) /7,629 (h)
SB54 Offset: 17!
. Baseline Type : Linear
. —7 N I N i T 1 N 1 N T N ] N 1
*M. Wang, A. Navrotsky, Solid State lon. 166 (2004) 7 75 8 85 g 95 10 105 1
**S-N. Le, A. Navrotsky, V. Pralong, Solid State Sciences 10 (2008) Time (h)
10 Maren Lepple - Thermodynamic Aspects of Copper Oxides Used as Electrodes for Lithium lon Batteries
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Solution Calorimetry -\\J(IT
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Thermodynamic cycle: enthalpy of formation from the oxides

D_I 298K
Y5 Cu,0 +  %Li,0 "~ > LiCuO
¥% P H(Cu,0) ¥ P H(Li,0) NS

DH,,(LiCuO)

v

2 CuZO(SOIution) + 2 I—iZO(sqution)

DHZ3 = % DH 1i(CU,0) + % DH (Ui ,0) - DH(LiCuO) = - 119,

r,0X

11 Maren Lepple - Thermodynamic Aspects of Copper Oxides Used as Electrodes for Lithium lon Batteries
EnMat 2013, Karlsruhe, Germany



Solution Calorimetry A\‘(IT
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Thermodynamic cycle: enthalpy of formation from the elements

DH ? (LiICuO)
Cu + Li + %0, > LiCuO
%pH (Cu,0)| %pH(Li0) C DH, =0
v
D|_|298K v
15 Cu,0 +  %Li,0 “~ > LiCuO

(LICUO) =- 394° 4K/ _

r.ox

DH { (LiCuO) = % DH° (Cu,0) + ¥ DH°(Li ,O) + DH

Patat et al. This work

LiCuO -390 + 1 kJ/mol -394 + 4 kJ/mol

S. Patét et al., Solid State lonics 1991, 46:325-329

12 Maren Lepple - Thermodynamic Aspects of Copper Oxides Used as Electrodes for Lithium lon Batteries
EnMat 2013, Karlsruhe, Germany



Thermodynamic Modeling of the Li-Cu-O System —\\-‘(IT

® Description via the reaction from the binary oxides

mLi ,O+nCu,0 + pCuO? Li, Cu,. O

2n+p ~'m+n+p

® Gibbs energy of reaction at 25 °C

Patat et al.
DrGLiZmCUZn+pOrmn+p - DrHLichu2n+pOm+n+p ) TD S—' 2mcu2n+p m+n+p
—_ 0o (0] o
=D GuchUzmpowmp me GLi ,0 an Gc:uzo pD Gwo

/

Godshall

® Simplified model for description of the ternary phases
® Good description for the battery relevant temperature regime

N.A. Godshall, Solid State lonics 1986, 18&19:788-793 S. Patat et al., Solid State lonics 1991, 46:325-329
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Calculated Li-Cu-O System at 25 °C A\‘(IT

E°=2.43V
log(a,,)=-39.0
E°=2.58V
=278V log(a,,)=-31.2
Iog(uo,)- -8.4
E°=2.22V =258V
log(a,,)=-46.0 log(aoz)— 31.1
Li O CuQC
E°=1.98V r (2 ‘;5 \'42 .
log(a,,)=-62.7 0g1a,,)=
— Lo ’ v “Cu0
L|CuO
Eo=0 V e =23V
log(a,,)=-196.2 / > ~ log(a,,)=-51.7

A\ N\ /\ /\ N\ N\ A\ A\ N\ AN

Li Cu
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Calculated Titration Curves k\‘(".

Karlsruhe Institute of Technology

® Equilibrium cell voltage as a function of lithium content at the cathode
along selected composition paths

athode
E=- nfithium

z(-
30 1 1 | I | 1 | thl 1 k
o v IS WOr
O 25°C , - Godshall
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ExperimentalThermodynamics and Phase Relations of New
Electrode Materials folLlon-Batteries
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Why Cu-Li-Sn?

(V)

Potential versus L
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L L (a) Cu nanowire arrays Cu-Sn core -shell
Ly Mn, MO, 474 - nanowire arrays
4 ‘:8 T ,[‘)’I MO Positive material 9
Ll y y-z< A v
Ly N, COM,O, [M=Mg, Al | Q of Liion 2 sputtering
. et PEE XA = . . snann @ijimited RT cycling Alh' e
| olyanionic compounds [Li, VOPO,, LIL,FePO,) 0 of Li metal = =
Li;Mn, M0, [M=Cr, Co... | g
1L : ' anngy ;
. Vanadium oxides T Cu substrate Cu substrate
z \
MnO, V20s. LiVAQyl Li-ion Li-metal
potential potential
Jd-Metal oxides Nf!gnlive materis 2
) ofLion R
Composite alloys  [SHO)-based] {€) timited cycling) é
A1 [Sn(M)-based] J @ of Ll metal 8
Carbons —m— NiTdes LIMN, W £
Graphite = Li metal g
. _ = SN v
oliiitiygl o T P ST Ty %)
0 200 400 600 800 I(l(}l'l/ [{,P,Of) 4,000

Capacty WIKTD - Nature, 2001, 414:359-367

Metal alloy anodes (e.g. Sn based):

V High charge density (992mAh/g for Li, ,Sn)

V High potential

X Volume changes during intercalation /
deintercalation leads to electrode degradation

Cu matrix can buffer the volume changes Li-Sn

No Cu-Li-Sn ternary phase diagram avaliable
(Cu,Li)-Sn binary phase diagrams need to be revised

Adv. Mater. 2010, 22, 51541 5158

17



@
£
-
"
T
v
3
3
P
‘é.
°
'
oo
Y
°

ity
a)
-

Al

WeNDel I8

WoR 5 Lnlversnat
DU

=1 =} =] 1 b 7 = D = G
Karls'uhe Institute of Technology

~

1100 ( : —S 1100
1084.87°C u n 1004 87°C
1000 1000
900 900
755°C
= (&)
OL) 800 7 1981(: \ 15.5 676°C OQJ 800
19.1
@ L
=)
5 700 & 700 =
'E; A 40°C 43.1 5 049°C ~_ 421
[ Q.
L 600 oJ} 288 & 600
e 14.9 ~ b
= (cu) N 520°c 582 —
& 500 5 f=s 500
40 / 43.5 400 a“a
~350°C
62 205 n
300 — 300
A< e
2004 fo.7 189°C 200 186'C a3l faa
H 4438 n'~F
7) -
T S mx — 100 Frrrerrrrrprrrrerrrer et et
0 10 20 30 40 (0 10 20 30 40
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Modeling: Ground States of the BCC Structure ﬂ(“'
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Ordering Model AT
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G, =G (x) () @ %)

Ansara, |. et al., Calphad, 1997. 21(4): 535-542.

Gr(y)=8 A & #y ¥ ¥ & 025RT HSHn 9

k

Sundman, B., and J. Agren, 1981, J. Phys. Chem. Solids, 42: 297-301.

. 4SL — 4SL —
B2: GCu:Cu sSnsn_ G Sn Sn Cu Cu_'-4V\{
. 4SL — 4SL 4 SL ~ 4 SL
B32: GCu:Sn Cun — GCU:SF] Sn Cu =G Sn CuCu Sn = :Sn.Cu Sn Cu '2"\& - 3’\5
. 4SL — 4SL 4SL SL —
DO3' GCu:Cu CuSn— G Cu Cu SnCu =G Cu:Sn:Cu Cu GA : SOy

4SL _ ~~4SL 4 SL 4B
GSnSn SnCu_ GSn Sn Cu Sn =G SnCusSn Sn = :Cu 888 'M '1-5\’\5

Inden, G., Acta Metall., 1974. 22(8): 945-951.
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Modeling: w, to w, Ratio

Experimental results, submitted to Intermetallics

Temperature °C

1200 JrrrTIT T | AL ALL LA | LML AL LI Rt | BLAEIRALA M Rt

1100 -
900 3
700 3

500 3

100 7

1000 -
800 -
600 —
400 -

300 3

200 3 E

Atomic percent Tin

G. Inden, Acta Metall., 1974. 22(8): p. 945-951.

The ordering behavior can be determined by
the ratio between w; and w,

AIT
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A2
B 32
25 5
w,=0.5w,
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Results (Cu-Sn)
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Inetermetallics, 34 (2013), 148
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