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Motivation S](IT
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B 3d transition metal oxides
=  Conversion mechanism
» High theoretical specific capacity
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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, 890 — 1050 °C in air

stable in argon, polymorphic
transition around 720 °C
LiCu30, > 800 °C in air
LICuO,**
Li;CuO,
Li;Cu,O, 250 - 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
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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 ATG
during 15t cycle

2LiCu,0, + %0, - Li,CuO, +3Cu0

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

AIT

Karlsruhe Insttute of Tachnology

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

=Twin Calvet type calorimeter
»Sensitivity: 0.00463828 J/uVs (Left Side), 0.00466871 J/uVs (Right Side)

=Sodium molybdate (3Na,0-4Mo00Q;) solvent used for solution calorimetry
»Solution 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
AH 298K

r, oX

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

¥, 4H 4,(Cu,,0) Y2 4H 4,(L1,0) N AH . (LiCuO)

v

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

AH?* = 1/ AH__(Cu,0) + % AH (Li,O) — AH . (LiCuO)

r,oX

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
= Binary oxides

Navrotsky This work

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

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

N Exo
2.5 Hest: 1,832.442 (uv-s)
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 (%)
. . 354 Onset: 635.985 (°C) /9677 (h)
i Offset: 111
» Ternary oxides LiCuO, ... R
E -4.5‘ ey
] &
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 T T T T T T T T T T T T T 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

AH298K
Y5 Cu,0 +  %Li,0 "~ > LiCuO
% AH 4,(Cu,0) % AH 4,(Li,0) \\

AH, (LiCuO)

v

2 CuZO(SOIution) + 2 I—iZO(sqution)

AHZ%8K = ¥ AH__(Cu,0) + % AH,, (Li,0) — AH,, (LiCuO) = —11%/,,

r, 0X

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



Solution Calorimetry k\‘(".

Thermodynamic cycle: enthalpy of formation from the elements

AH? (LiCuO)
Cu + Li + %0, > LiCuO
% AH®(Cu,0) | % 4H; (Li,0) C AH, =0
v
AH298K v
15 Cu,0 +  %Li,0 “~ > LiCuO

AH? (LiCuO) = % AH® (Cu,0) + % AH° (Li,0) + AH, ,, (LiCuO) = ~394 + 4%/,

r.oXx

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,O + pCuO <« Li,.Cu,,. O

2n+p ~ m+n+p

® Gibbs energy of reaction at 25 °C

Patat et al.
AI’GI—iZmCUZn+pOm+n+p = Ar H I—iZmCUZnerOm+n+p _TArSLiZmCUZn+pOm+n+p
_ 0 _ 0 _ 0 _ 0
o AfGLiszu2n+pOm+n+p mAfGLiZO nAf GCUZO pAf GCuO
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

13
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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\‘(".
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® Equilibrium cell voltage as a function of lithium content at the cathode
along selected composition paths

cathode
E — _ Huithium
Z-F
30 1 | I | I 1 | thl 1 k
o v IS WOr
O 25°C , - Godshall
— 5-‘ =
S O
o) ®o0a o, @ :
g 2.0 «:.o..,.\;./m-..e .
£ 1.5 v,
S
B /110125
0.5 -
Cu,O
0 14

T T T T Y T ‘,-1'/ T l
0 0204060810 12/1416 18 2.0
x in Li,CuO,




Experimental Thermodynamics and Phase Relations of New
Electrode Materials for Li-lon-Batteries

Hans Flandorfer ! Damian Cupid Q(IT

~ Siegfried Fiirtauer : Dajian Li ihesr i b i i

Torsten Markus ' .
svom ) )0LICH
avi enriques FORSCHUNGSZENTRUM




Why

Cu-Li1-Sn?

/A
Ly M M0, /4l
() N Positive material
4 < Li.,Coy M, 0; A%
L Nk, COM,O, [M-Mg, Al._.] Q ofLiion
: o i o sness  @iimited RT cycling "kl
_F olyanionic compo S [Li;_NOPO,, LIL,FePO,) ) of Li metal
= LiMny, MO, [M=Cr, Co...|
S 3 ) ' LI L
- . Vanadium oxides T
{ z \
é{ MnoO, V205, LiV,Oyl Li-ion Li-metal
S potential potential
= 3d-Metal oxides Nf!gnllve materi
a ) ofLion
Composite alloys  [SHO)-based] {€) timited cycling)
1 L [Sn(M)-based] y ) of LI metal
Carbons e Vi7dES LIMNG i L
Graphite > Li metal
- —_ SR A
A o= ‘ L Y,
0 200 400 600 800 I(l(}\'l/ [{,P,Of) 4,000

Capacity (Ahkg?)

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

v" Cu matrix can buffer the volume changes Li-Sn

Nature, 2001, 414:359-367

4+ No Cu-Li-Sn ternary phase diagram avaliable

4+ (Cu,Li)-Sn binary phase diagrams need to be revised

S|eLDIPW DANISOH

sjeudew aanebon

AIT

Karlsruhe Institute of Technology

Cu-Sn core -shell
nanowire arrays

(a) Cu nanowire arrays

sputtering

Cu substrate Cu substrate

Adv. Mater. 2010, 22, 5154-5158

17
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S. Firtauer, D. Li, D. Cupid, H. Flandorfer, Intermetallics
T.B. Massalski, H. Okamoto, Binary alloy 34 (2013) 142-147.
phase diagrams, ASM International, Materials D. Li, P. Franke, S. Furtauer, D. Cupid, H. Flandorfer,
Park, Ohio, 2001. Intermetallics 34 (2013) 148-158.
10-10-22
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Modeling: Ground States of the BCC Structure ﬂ(“'

| |‘
AV
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v \ e
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A2/D0; model: (Cu,Sn)g,.(Cu,Sn)y.,:(Cu,Sn)s5: (Cu,Sn) e
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Ordering Model AT
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G, =G (x )+ G2 (y17) - G2 (x,)

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

Gt (vi™) = 2. 2. 2. 2 0¥y ¥ Wi Gl +0.25RT 3 > yi¥ Iy
i k| i S

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

. 4SL _ 4SL - _
BZ GCu:Cu:Sn:Sn - C-:'Sn:Sn:Cu:Cu - 4Wl
. 4SL _ 4SL _ 4SL _ 4SL — _ _
832 GCu:Sn:Cu:Sn - GCu:Sn:Sn:Cu - GSn:Cu:Cu:Sn - GSn:Cu:Sn:Cu - 2Wl 3WZ
. ~4SL _ (~A4SL _ (~A4SL _ ~A4SL —
D03' GCu:Cu:Cu:Sn - GCu:Cu:Sn:Cu _ GCu:Sn:Cu:Cu - GSn:Cu:Cu:Cu_

4SL _ 4SL _ 4SL . 4SL — -
GSn:Sn:Sn:Cu - GSn:Sn:Cu:Sn - GSn:Cu:Sn:Sn - GCu:Sn:Sn:Sn - 2VVl 15W2

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

20



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

Karlsruhe Insttute of Tachnology

A2
B 32
25 5
w,=0.5w,

21



Results (Cu-Sn)

1400 |

AIT

Karlsruhe Insttute of Tachnology

1300 =
1150
1200 - 1100~
1100 - 1050
1000 - e
v =
~ 900 -
900
800 850 -
700 - o
750
600 - 5 60
500 1© + 4 0 0.05 010 0.15 0.20 0.25 0.30
O] o } % Cu' | xSn Sn
400 i I I |
CO 02 04 X 06 08 -lso Inetermetallics, 34 (2013), 148
u S n
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Results: BCC Ordering Map (Cu-Sn)

T/K

AIT

Karlsruhe Institute of Technology

|Q_\
I\ S
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I \\ \\\ v
1800 + | ¢ | l
: A2’ +A2”
| 4 -
1500 - : . i
y DO, ,\ B32 | B32+A2”
1200 s\ B
7 '\
i ¥ %
900 - y CoN T
™ oy
600~ ™ , D0s | &/ LiMgPdsn" [
& /:J +A2”
300 / : — |
0 0.1 0.2 03 04 05

w,;=0.9w,, this work

site fraction Sn

0.8 -
0.7
0.6 -
0.5
0.4 -
0.3
0.2 -

& 1V
0.1 = [ \,

/
-

"LiMgPdSn"

| & IV

l
0.16 0.20

T
0.32

0.36]

wW,=W,, 1974Inden,
Acta Metall., 1974, 22, 945
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Results: Enthalpies of Formation (Cu-Sn)

AIT

Karlsruhe Insttute of Tachnology

Amix[_[m/‘] : mOl-l

1 l
Non-Cryst. Solids, 2008, 354: 2953
0-
-1 -
-2
-3 -
4 (1 973K
$1173K a
v X 1173K b
¥ V 1523K
-5- v
-6 T | I 1

0 0.2 0.4 0.6 0.8 1.0
Cu xSn Sﬂ

Liquid phase, T=1000 K, references
state: liquid components

AH_/T-mol”
7

O 1924Biliz 293K :
X 1954Cchen 273K | =
< 1956Kleppa 723K |
¥ 1973Gangulee 273K |
M 1973Hultgren 723K |
A 2007Flandorfer 298K |

Stable phases, T=673K, references

I 1 ] 1
0.2 0.4 0.6 0.8 1.0
xSn Sﬂ

state: fcc(Cu) and bct(Sn)
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AIT

Thermodynamic Descriptions of the Li-Sn System

1300|l'11lll'll"0|lllllllll'lllllll‘ 0 S 0 ‘!ll‘

1200 O - Grube 2) i 2

Can not reproduce
the phase diagram

1100

8

8
NIRRT FETH FNRT AR
8

Temperature [K]
- @
8 8
avealauualigg
[
I\
¢
::13.,\;)
o o
= [
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P
¢

LTy I Ty I T it eerm™m
| [ [ [ |

500 iﬂfix IS0 Mg :
i | |

|11li;,Tu:Illl.]11‘1lillur--llllll TI]

0.0 c.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.8 1.0
XN

Gasior, W. et al. J. Non-Cryst. Solids, 1996. 205-207(1): 379-382.
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Li-Sn Phase Diagram in Literature AT
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1 400 1 L 1 i} 1 1 ! L 1

& Barsoum and Tuller (1988) 1 300
e Dadd et al. (1982)
1200 - < Bailey et al. (1979) o 1200
o Foster et al. (1966)
o Grube and Meyer (1934) 1100
1000 - 3 x Baroni (1932) -
4 Masing and Tammann (1910) 1000 -
< 800- L L 900 -
[
2 2
S 600 -2 0 800
a 5 n\%
5 o 700 -
400 - 12 .
0 - , 3 600 -
cled alliem
Dl Bl |G c B
20048 SIS 3 S -§ 500 -
S 3 400 -
o T 1 1 T 1 1
6 . 08 1.0
¥ R T, 5 300 . . x .
Mole: Fraction-Tm 0 02 04 06 08 1.0

Du, Z. M., et al., Z. Metallkd., 2006, 97: 10-16.

« Bcc phase stable at high temperature.
* Inverse miscibility gap in the liquid (not shown)
« Did not well reproduced mixing enthalpies of liquid phase

26



Previous Calculated Li-Sn

1000 ! 1 | 1 1 1 | [}
O Masing el al, (1910)

900+ 5 Baroni et ol (1932)  +

O Geube ef ol. (1934)

t Foster of ol. (1964) -

v Baley of ot (1978)

+Dodd etal (1962)

T,°C

300/ 4\%{\%& .
zoo‘ _ | Uysn, g
5 ol
100~ f?"f A% g 2{ u
0 .

0 01 02 03 04 05 06 0.7 08 09 1.0
Xsn

Yin, F., et al., J. Alloys Compd., 2005. 393(1-2): p. 105-108.

Phase Diagrams k\‘(".

Karlsruhe Institute of Technology

-50

),Sn ) (kJ/mole)
=

Sn—=Li

-1 25L-

QG? [y!_; *

* Ignore important literature information.
(Wen, C.J. and R.A. Huggins, J.

1187.)

Electrochem. Soc., 1981. 128(6): p. 1181-

&
&

-175

.75, Data not taken into account |

o oo——o—0 LiSn

yLill) + Snl) —= LiySn(s)

300
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Key Information for Li-Sn System XIT

Karlsruhe Insttute of Tachnology

+ New calorimetry data  # The associate

(enthalpy of mixing In formation in the liquid
the liquid) phase has been
+ New KEMS observed (J. Phys. F,
+ Phase diagram data 1984, 14(9), p. 1995-
2006)

+ Emf results (1981Wen) . .
+ Associate model (LI,

Li,Sn, Sn) applied for
liquid phase

28



Results: Phase Diagram (Li-Sn)

T/K

IT

Karlsruhe Institute of Tachnology

11 (Y) I 1 I
1 200 1 1 1 | A 1910Masmg
1050 - Qiascbe |
1100 - A 1910Masing JR0SE s
[ 19328aroni i X ATIo0N.
1000 - £ 1934Grube 1000 + currentwork [~
liauid X 1966Foster
qa 2197983llev >
- t K
R + current worj— 950 - a | L
L]
800
200 900 - ¥ -
600 - L 850 - 7
P +
500 - 5| g A it
Aant+| | 5| |2 5 - 800 ; 1 T i i
400 sl e | 0, 0.15 0.20 0.25 0.30 0.35 0.401
560 8 5 3-8 = Li Xg, Sn
i 4 _ =
diamond
200 T T T T
0 0.2 0.4 0.6 0.8 1.0
Ll X Sn Sn
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Results: Liquid Phase (Li-Sn) A\‘(“

In[acr(Li)]

-8 -
-g,
-10 -
-11_

-45 I I I I '12 T | T | | '
0 0.2 0.4 0.6 0.8 1.0 08 09 10 11 12 13 1.4
Li X, Sn 1000/T
Calorimetric measurement, KEMS measurement,

J. Chem. Thermodyn. , 2013, 61, 105 Jilich, submitted




Results: Solid Phase (Li-Sn)

0 ] 1 1 |
-2 - O 1966Foster =
rest 1981 Wen
4 - ' i
LiSn
—_
T -6 —W -

T 1 1 I
600 700 800 900 1000 1100
TIK

J. Electrochem. Soc., 1981, 128(6): 1181
J. Phys. Chem. , 1966, 70(10): 1042

AIT

Karlsruhe Insttute of Technology

J. Electrochem. Soc., 1981, 128(6): 1181
Z. Metallkd., 1938, 30: 7

0 1 1 | 1
-5- i
O 1981Wen 688 K
-10 4 A 1938Kubaschewski 298 K =
~15 A L
S &
-20 - A =
= 688 K__ &8
7291 208K [
—E-30 i
T
<] -35 A -
-40 - abs »
45 - =
-50 T T T T
0 0.2 0.4 0.6 0.8 1.0
TIK
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Results: E.m.f. Curve (Li-Sn)

1.0
0.9 -
0.8

Li,Sn,
Li.Sn,

( Li,.Sn, B
/ Li.Sn, ]

6338 K

y in L1,Sn

C.J. Wen and R.A. Huggins, J. Electrochem. Soc., 1981. 128(6): 1181

AT

Karlsruhe Insttute of Tachnology
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