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Abstract

The cycling performance of all-solid-state, scaled-up, 0.6 Ahi@¥polymer battery prototypes, realized within a National Project devoted
to development of electric vehicles, is presented and discussed. Poly(ethyleneoxide)-JGR{SR), (PEO-LIBET]I) films were used as
electrolyte separators. The prototypes, formed by parallel stacking ten single bipolar cells, were assembled by the direct lamination of the
components, namely, lithium foil anodes, PEO-LIBETI electrolyte films and compogie-based cathode films. The performance of the
Li/PEO-LIBETI/V,0s prototypes, scaled-up from single cells, was evaluated in terms of specific capacity, energy and cycle life at different
discharge current densities. The results have indicated high reproducibility of the manufacturing process and the feasibility to large scale-u
the all-solid-state, lithium polymer batteries based on solvent-free prepared PEO—-LIBETI electrolyte.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Following the latter approach, we have shown that the use
of a large anion (N(S&CRCFRs)2~, BETI) lithium salt en-
Rechargeable, lithium polymer batteries, LPB, represent hances the conductivity of PEO-based polymer electrolytes
an excellent choice as electrochemical power sources char{17]. In addition, PEO-LIBETI polymer electrolytes develop
acterized by high energy density, good cyclability and safety a very stable interface with lithium metal anode both un-
[1-4]. The poly(ethylene oxide)-lithium salt, PEO-LiX, der rest conditions and current flg@8]. Tests performed
complexes are promising candidates as electrolytes for LPBon cells, containing crystalline XDs-based cathodes have
applicationg5-9]. Large research efforts have been devoted shown very good performance of PEO-LIBETI polymer
to the development of PEO electrolyte formulations capa- electrolytes for EV application at medium-high tempera-
ble to combine high conductivity, good interfacial stabil- tures[19]. No additional capacity fading due to the inter-
ity with lithium metal anode, and good mechanical prop- action of the polymer electrolyte with the electrodes was
erties[10-13] A common approach is the use of a lithium detected.
salt having a very large counter-ion, which is able to inter- In this scenario, we decided to investigate the scale-
fere with the crystallization process of the polymer chains up of the Li/V>Os polymer cells based on solvent-free
[14,15] thereby, promoting amorphous regions and increas- PEO-LIBETI electrolyte to realize prototypes having a ca-
ing the lithium ion transport in the polymer electrolyte pacity ranging from 0.5 to 1 Ah. Vanadium pentoxide was se-
[6,15,16] lected as active material because of its commercial availabil-
ity. Very large amounts of cathode components (10-20kg)
* Corresponding author. Tel.: +39 06 3048 4985; fax: +39 06 3048 6357. Were needed for the realization of the cathode tapes that were
E-mail addresspasserini@casaccia.enea.it (S. Passerini). produced on the high-volume production line by Ferrania
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S.p.A. No other 3V cathode materials were commercially Union Carbide) 3 wt.%. A chloromethane/methanol mixture
available. (2:1 in weight) with traces of acetone was used as solvent that
In this work, we report the characteristics and the cycling was allowed to evaporate under a hood. Then the coated films
performance of all-solid-state, rechargeable, 0.6 Ah L@y were dried under vacuum at 8Q for 48 h. The absence of
prototypes, formed by stacking ten bipolar cells connected in saltin the composite cathode favored the moisture and solvent
parallel. removal. Atthe end of the process, the thickness of the bipolar
composite cathode tapes (including the aluminum substrate)
was about 18Q.m with an apparent density (mass/volume)

2. Experimental of about 1.5gcm?3, corresponding to an active material
(V20s) surface area loading of 6.4 mgcr) approxima-
2.1. PEO-LIBETI electrolyte membranes tely.

PEO-LIBETI polymer electrolyte films with an EO/Li  2.3. Li/\»Os prototypes
molar ratio of 20 [17] were prepared by a com-
pletely dry, solvent-free procedure developed at ENEA  Scaled-up Li/PEO-LIBETI/YOs battery prototypes were
[12,13,17] Briefly, the components PEOM(, =4 x 1P, realized by stacking ten bipolar cells (connected in
Polyox WSR301, Union Carbide) and LIiBETI (3M) were parallel). The cell design, outlined by the sequence
dried under vacuum at 50 and 180, respectively, for at  Li/SPE/Cathode/SPE/Lis illustrated inFig. 1L The sizes
least 24 h before use. The materials were sieved, gently mixedof the cathode tape (5.2 crm3.0 cm) and the lithium anode
by ball-milling in the appropriate ratio and then extruded or (5.2 cmx 3.0 cm) were slightly lower than the polymer elec-
hot-pressed at 10 to form thin tapes. The latter were cold-  trolyte layer (5.8 cmx 3.4cm) to prevent accidental short-
calendered down to a thickness of 8098. The whole pro- circuit. The cathode substrate (aluminum 28 thick) was
cedure was carried out in a controlled atmosphere dry-roomalso used as the current collector, while a copper foil(2b
having a relative humidity (RH) lower than 0.1% (Corridi thick) was used as the anodic current collector. The assem-

s.r.l). bly of prototypes firstly involved the realization of anodic
SPE/Li/SPEhalf-cells. The latter were fabricated by hot-
2.2. \bOs composite cathodes laminating (about 100C) a lithium foil (50um thick) be-

tween two polymer electrolyte layers. Then, the half-cells

The composite cathodes were prepared by following a were alternatively overlapped to the cathode tapes following
procedure developed at ENEA and industrially scaled-up the sequence:
by Ferrania S.p.A. Basically, the process involved the de- , . . .
position of slurry onto both faces of an aluminum foil cur- Li/SPE[ Cathode[SPE/(Li/SPE/ Cathode/SPE)g/Li.
rent collector (battery grade, 28n thick) by doctor-blade The final stacks (5.8 cm 3.4 cmx 0.4 cm), composed of
technique to obtain bipolar cathode tapes. The slurry has10 cathode tapes, 11 lithium foils and 20 polymer electrolyte
the following dry composition: YOs (Pechiney) active ma-  layers, were housed in coffee-bag envelopes, which were
terial 60wt.%, carbon (Super-P, MMM carbon) electronic evacuated under vacuum for 45-60 min before sealing to
conductor 10 wt.%, PEG (Carbowax, DOW formerly Union minimize the Q@ and N> content[12] and to ensure a good
Carbide) 27 wt.%, PEO (Polyox WSR301, DOW, formerly contact between the electrodes and the polymer electrolytes.

P 58 mm
1 A L/
a (/L
' = Lithium
30 mm
34 mm
PEO-LIiBETI
Y. |
| h 4
D 52 mm . E
Al collector

Fig. 1. Cell design of the single Li/SPE/Cathode/SPE/Li bipolar cell.
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Lithium Polymer

Prototype #1

Fig. 2. Pictures of a scaled-up, 0.6 Ah class, Li/PEO-LIBE}@¥ battery prototype upon housing in coffee-bag envelope (panel A) and sealing under vacuum
(panel B), respectively.

The weight of the final device was about 13 g, including the Table 1
current collectors and the package. The assembly as well ag-haracteristics of the LI/PEO-LIBETIADs battery prototypes

the electrochemical tests of prototypes was carried out in aSingle cells (#) 10

controlled atmosphere dry-room (RH<0.1%, Corridi s.r.l.). Size (cm) 6.8¢3.4x 04
. . . Active surface area (cf 312

Fig. 2shows pictures of a Li/%Os polymer battery prototype Weight (g) 13 (19)

after housing in coffee-bag envelope (panel A) and sealing reversible capacity (AR) 0.59

under vacuum (panel B), respectively. Specific energy (Wh kgt) 122 (14%)

Since the composite cathodes did not contain the lithium a \eignt of package not included.
salt the final EO/Li molar ratio was fixed by the relative P v,05 specific capacity equal to 295 Al (two equivalent of Li per
amount of the salt-containing PEO in the electrolyte and mole of V>0s).
the salt-free PEO in the cathode. The final EO/Li ratio was
about 25, which falls in a flat region of the conductivity ver- ) ) )
sus salt concentration curve at operating temperatures highePaS"y available. The thickness of the electrolyte layers could

than 60°C [17]. The prototypes were cathode-limited (an- € reduced from 80-90m to 40-5Qum by using industrial
ode/cathode capacity ratio of about 3). extrusion-blowing equipment. The size of the electrolyte

The characteristics of the scaled-up Li/PEO— layers, cathode tabs, current collectors and packaging could

LIBETIV,05 battery prototypes are summarized in be reduced by using a specializ_ed assembly lindable 2
Table 1 The batteries exhibit a reversible capacity of areé reported the size and weight of the components of
0.59 Ah, considering the 30s specific capacity equal to  the LI/PEO-LIBETIN;Os battery prototype. With the
0.295Ahg? (two equivalent of Li per mole of ¥Os) at optimizations C|ted_ above the welght of the _dewc_e would be
an average discharge voltage of 2.7V. This correspondslo""ered_ to 7.8 g with a corresponding gravimetrical energy
to a theoretical specific energy of the prototypes equal €xceeding 200 Wh kgt

to 145Whkg? not including the weight of package or

122Whkg?! for the whole prototypes. These values are 2.4. Electrochemical tests

subjected to a substantial improvement upon further opti-

mization of the weight of the components. For instance, large  Impedance measurements were performed using a So-
production volumes would make metal foils of appropriate lartron Instruments 1260 Impedance Analyzer coupled with
thickness for the cathode substrate and the current collectorsa Solartron Electrochemical Interface 1287 at 20 anti@0

Table 2

Size, total weight and weight fraction of the components of the Li/PEO-LiBE;DAbattery prototypes reported in this work and upon further optimization
Present prototype Optimized prototype
LxHxT(mm) Weight (g) Weight fraction L x H x T (mm) Weight (g) Weight fraction

(wt.%) (wt.%)

Lithium anodes 60 30 x 0.05 Q6 46 58x 30x 0.05 Q058 74

Polymer electrolyte separators 564 x 0.09 60 461 56x 34x 0.04 27 346

Cathodes 5% 30x 0.14 24 185 52x 30x 0.14 24 308

Cathode substrates (Al) 6030x 0.03 15 115 60x 30x 0.02 10 128

Anode current collector (Cu) 4530x 0.025 032 24 15x 30x 0.025 011 14

Cathode current collector (Al) 45 30x 0.05 Q18 14 15x 30x 0.025 003 04

Package Overall area 112 ém 2.0 155 Overall area 55 cfh 0.98 126

Battery Prototype 6& 34x 4 130 1000 68x 34x 3 7.8 1000

Specific energy (Wht) - 122 - - 204 -
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The AC tests were carried out after selected charge/discharge V.0, specific capacity (mAhg")
cycles in the 5 kHz-0.1 Hz frequency range. 400 300 200 100 0 100 200 300
The cycling tests were performed by means of a Mac- 401 : : : : : 'J=0‘05“|A'm2
cor S4000 battery tester in the 2.0-3.6 V range at discharge :
current densities ranging from 0.050 to 2.0 mA@nThe 3.5
performance of the batteries was evaluated in terms of ca-
pacity, energy and cycle life at 9C€. The temperature of the < .1
batteries was set by placing them in forced ventilation ovens. 7«;
Before the measurements, the batteries were left to thermally%‘ )
equilibrate as well as to allow the diffusion of the lithium salt >
inside the cathodes.

2.04

Prototype #1
- = - Prototype #2

3. Results and discussion L5 " : : : .
0.8 0.6 04 0.2 0.0 02 04 0.6

Fig. 3 reports the AC responses of a scaled-up, 0.6 Ah Capacity (Ah)

Li/PEO-LIBETI/V20s batter}’ .prOtOtype aj{ 20C (p.an(.al A) Fig. 4. Voltage/capacity profile of two scaled-up, 0.6Ah class,
and 90°C (panel B). A semicircle, associated with interfa- Lijpeo-LiBETIN,05 battery prototypes held at 9C during the

cial resistancg22], is followed by an inclined straight line first discharge/charge cycle. Current density: 0.05 mAgm

towards the real axeg,, that is related to the diffusive elec-

trolyte contributg22]. The intercept of the semicircle with  In particular, the interfacial resistance decreased to a value
the real axes gives the PEO membrane ionic resist@aie lower than 0.0%2. This would correspond to an ohmic drop
At 20°C the pristine prototype exhibits an overall resistance lower than 80 mV at a current density equal to 0.5 mAém

of about 752. Upon assembly, the battery was kept at @0 (C/3.7). However, arelevant increase of the prototype interfa-
for 72 h and then cooled down to 2G. No relevant decay of ~ cial resistance is observed during prolonged charge/discharge
the electrolyte resistance (about@pwas observed, while  cycles (panel B). This is most likely due to the spontaneous
the interfacial resistance decreased from 45 t@3thus in-  degradation of the ¥Os active material on cycling that ex-
dicating the optimization of the polymer electrolyte/electrode hibits a sharp electronic conductivity decay in passing from
interface. At 90C (panel B) a remarkable but expected de- crystalline to amorphous structuj20,21}, thus strongly in-

crease of the battery impedance to aboutsDi5 observed.  creasing the charge transfer resistance.
In Fig. 4, is plotted the voltage versus capacity profile of

i two Li/PEO-LIBETI/V>0s5 battery prototypes held at 9C

® pristine | 20°C during the first discharge/charge cycle. The current density
O T2hrs storage at WPC was set to 0.05 mA cr? corresponding to a C/20 discharge
c rate. As expected from a crystalline;®s-based cathode,
N 2 the first discharge showed a series of plateau related to the
2 25 lithium insertion in specific intercalation sitf#0,21] About
§) o' 2.75 equivalent of Li per mole of 305 were intercalated
E ,..-_;1-., B - in the initial discharge down to 2.0V, corresponding to a
. ouooggﬂb" o capacity of 0.8 Ah. Such a large lithium insertion caused the
o mﬁ/ d full disruption of the crystalline structuf21], as indicated by
(A) 0 25 50 75 100 the smooth voltage profile during the following charge. In this
06 step, 82% of the lithium inserted (0.66 Ah) was recovered,
2 e most likely due to the moderate anodic cut-off voltage fixed
& Lo s, . ‘ at 3.6V to prevent polymer electrolyte oxidati28]. The
S Lt ., E e Li/V 205 polymer batteries displayed practically overlapping
5 e, . Hs voltage profiles, which indicates for the high reproducibility
5., AL Y . ., of the scale-up manufacturing process developed.
g A ke, " . Fig. 5 illustrates consecutive discharge curves of a
::Ow © 000y, * %w V;‘: . E{JZE(S;;:?E;/!IZIS: E)Saetteelrey prototype held at 9@ at var- .
00 LA %@&N‘, ' l . . : gend). The charge current density
®) 04 0.6 08 - z‘-“(Q 12 14 1o was fixed to 0.2 mA cm?(C/9.3 rate). Apart from a mod-
eal. Z' (O)

est capacity reduction, no substantial feature change was ob-
2

Fig. 3. AC responses of a scaled-up, 0.6 Ah class, LIPEO-Lipsny  Served from 0.1 mA C_m2 (C/18.6) to 0.5 mA cm* (C/3.7).

battery prototype at 20C (panel A) and 90C (panel B) after selected | e delivered capacity decreased about 14% from 0.58 Ah

charge/discharge cycles (see legend). Frequency range: 5kHz-0.1Hz.  (C/18.6) to 0.5 Ah (C/3.7) for a current increase factor of 5.
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Fig. 5. Voltage/discharge capacity profiles of a scaled-up, 0.6 Ah class,
Li/PEO-LIBETI/V,0s5 battery prototype held at 9@ during consecutive
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Fig. 7. Delivered capacity vs. cycle number behavior of a scaled-up, 0.6 Ah
class, LI/PEO-LIBETI/\$Os battery prototype during consecutive cycles at
different discharge current densities (see legend). The discharge rates are
also reported. Charge current density: 0.2 mAénT=90°C.

cycles at different discharge current densities (see legend). The discharge

rates are also reported. Charge current density: 0.2 m&cm

This is of particular interest since EV applications require

(C/5.3), due to the delivered capacity limitation originating
from different diffusive phenomena taking place in the elec-
trolyte (higher rates) and in the active material phase (lower

discharge times close to 3 h. In addition, the ohmic drop was rates). The prototypes are capable to deliver almost the full ca-

lower than 100 mV in the 0.1-0.5 mA crirange. The pro-
totypes are still capable to deliver more than 52% (0.31 Ah)
and 22% (0.13 Ah) of the reversible capacity at 1.0 mAém
(C/1.9) and 2.0 mA cr? (1.1C), respectively.

pacity (>85%) up to 0.5 mA cr? (C/3.7). The results clearly
show that the scaled-up LipDs prototypes perform better
than the single bipolar cells, especially at medium-high rates,
i.e., >0.35mAcm? @C/5. This indicates the feasibility to

The delivered capacity versus discharge current density scale-up all-solid-state Li/AOs cells based on PEO-LIBETI

dependence for two scaled-up Li/PEO-LIBETI®% proto-
types held at 90C is reported irFig. 6. The charge current
density was fixed to 0.2 mA cn?. Also, the capacity versus
discharge current density behavior of two single bipolar cells

polymer electrolyte.

The rate performance is also observedrig. 7 where is
displayed the delivered capacity versus cycle trend at decreas-
ing discharge current densities from 2.0 mATM(1.1C)

is shown for comparison. Once more, the results supportsto 0.1 mAcnt?2 (C/18/6). The charge current density was

for the high reproducibility of the manufacturing process of
the scaled-up Li/YOs prototypes. The data plotted kig. 6
show two well-defined trends with a knee at 0.5 mA¢Em

100 ~ e = 02 mACm™ [ 295

80 - 236

60 - 177

40 - - 118

90°C

—m— prototype #1
—e— prototype #2
% single cell #A
# single cell #B

20

T
o
o

I

Percent of reversible capacity (%)
( Syyuw) Anoedes oyoads “O°A

prototype reversible capacity: 0.59 Ah

| T — 7
0.1 1

Current density (mAcm'z)

Fig. 6. Delivered capacity, reported as percent of reversible capacity, vs.
current density plot of two single Li/PEO-LIBETIADs bipolar cells and

two scaled-up, 0.6 Ah class, battery prototypes held &0 he discharge
rates are also reported. Charge current density: 0.2 mAcm

always 0.2mAcm? (C/9.3). The scaled-up LiAOs pro-
totypes showed good performance upon prolonged cycling
tests. Upon 55 consecutive cycles the prototypes delivered
about0.49 Ah,0.39 Ahand 0.064 Ah at0.2 mATh{C/9.3),
0.5mAcnt 2 (C/3.7) and 2.0 mA cm? (1.1C), respectively,
corresponding to 83, 66 and 11% of the reversible capacity.
No relevant effect on the capacity fading due to the discharge
rate was observed up to a 0.5 mAchcurrent density. The
observed fading of about 0.3% per cycle, corresponds to the
intrinsic fading of deeply discharged crystalline®5-based
cathoded20,23] The performance decay is to be associ-
ated with the intrinsic capacity fading of2®s rather than

to PEO-LIBETI polymer electrolyte misbehavior and/or cell
design.

Fig. 8 llustrates the cycling behavior of a
LI/PEO-LIBETI/V205 battery prototype cycled in the
voltage range from 2.0 to 3.6V. The charge current was
fixed to 0.35 mA cm? (C/5.3), while the discharge process
was driven at 0.5 mA cr? (C/3.7). The results are reported
in terms of voltage/discharge capacity profile of selected
charge/discharge cycles (panel A) and of capacity versus
cycle plot (panel B). From the shape of the curves, it looks
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0.0 0.1 02 0.3 04 0.5 0.6 T
(A) Delivered capacity (Ah) 25 7
4 2 mAem”
100.0 300 | [~O— Prototype #1 @1.1C
[ J [—®— Prototype #2
scale-upped prototype + 0 ™ T T T T LI B |
o 83 2% < 10 100
2z L Power density (W/kg)
g 6674 F20 B
g F .
% b i? Fig. 9. Ragone plot of two scaled-up, 0.6 Ah class, Li/PEO-LIBETQY
z 50.0 4 [ 150 %; battery prototypes held at 9C. The discharge rates and current densities
3 [ § are also reported. The energy and power density values are calculated taking
“é 333 ] L0 B into account the total weight of the prototypes, i.e., including the weight of
5 . [ & the current collectors and packaging.
o single cell oq,
L 1.=0.20 mAem” ~
16.7 1 1,=024 mAem™ [ 50
o account the total weight of the scaled-up prototypes, i.e., in-
0 20 40 60 80 100 120 140 cluding the weight of the current collectors and the package.

®) Cycle number (#) Once more, the devices exhibited very similar performance.

2 .
Fig. 8. \oltage/capacity profile (panel A) of selected discharge pro- At low rates (<02 mAcm* i.e., C/9'3) the protot_ypes de-
cesses and cycling performance (panel B) of a scaled-up, 0.6 Ah class,l“/e“:"d a SpeCIfIC energy close to 120 Wh‘l%gl.e., n gOOd
Li/PEO-LIBETI/V,0s battery prototype held at 9€. Charge current  agreement with the theoretical value, with a power density
density: 0.35mAcm? (C/5.3). Discharge current density: 0.5mAth of 6_4Wkg’1_ At high rates (2.0 mA CIm? @1.1C), the en-

(Cf/3.7). Th(; cycling beh(jayior of alsinfgle LigDs c_eII (data extracted from ergy value falls down to 22 Wh kﬂ', while the power density
referencd19]) is reported in panel B for comparison. increases up to 122 Wh kéj.

like there are two causes for the performance decay: (i)
initial voltage drop related to the increased charge transfer4. Conclusions
resistance at the polymer electrolyte/cathode interface; (ii)
disappearance of the plateau around 2.5V. The prototype Rechargeable Li/%Os cells based on lithium-conducting
delivered an initial capacity of about 0.5 Ah that decayed to PEO-LIBETI polymer films were scaled-up to fabricate all-
0.264 Ah upon 140 charge/discharge cycles with a fade of solid-state, 0.6 Ah class, prototypes for EV applications. The
0.3% per cycle. Once more, this indicates that the capacity prototypes delivered initial reversible capacity and specific
fading is associated to the cathode failure rather than toenergy equalto 0.58 Ahand 120 Whiigrespectively, in ex-
polymer electrolyte faults. Panel B also illustrate the cycling cellent agreement with the theoretical values. At C/3.7 rate
behavior of two single Li/¢Os cells for comparison.  (0.5mAcnt?) the prototypes were still capable to deliver
The data, extracted from referen{#9], are referred to  about 85% of the reversible capacity. The prototypes were
charge/discharge processes driven at lower current densitiesffected by a capacity fading that corresponds to the intrin-
than for the prototypes. Once more, the scaled-up prototypessic one of \bOs-based cathodes. The results showed that the
showed better performance than the single cells, especiallyscaled-up prototypes outperformed the single cells previously
at medium-high rates, i.e., >0.35 mA ch@C/5. developed. This evidenced the validity of the lithium polymer
Fig. 9 illustrates the Ragone plot of two scaled-up batterydesignand processing developed by ENEA andthere-
Li/PEO-LIBETI/V20s battery prototypes held at 9C. The producibility of the manufacturing process, thus demonstrat-
discharge rates and current densities are also reported. Théng the feasibility to scale-up Li/PEO-LIBETIADs cells to
energy and power density values are calculated taking intorealize all-solid-state batteries.
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