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An Asymmetric Hybrid Nonaqueous Energy Storage Cell
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A nonaqueous asymmetric electrochemical cell technology is presented where the positive electrode stores charge through a
reversible nonfaradaic or pseudocapacitive reaction of anions on the surface of an activated carbon positive electrode. The
negative electrode is a crystalline intercalation compound which supports the fast reversible intercalation of lithium ions. Using a
positive electrode material of activated carbon and newly developed negative electrode material of nanostrytiy@ad Wwe

obtain a cell which exhibits a sloping voltage profile from 3 to 1.5 V, 90% capacity utilization at 10C charge/discharge rates, and
10-15% capacity loss after 5000 cycles. Electrolyte oxidation on the activated carbon positive electrode was characterized in a Li
metal asymmetric hybrid cell by cyclic voltammetry. Oxidation during the anodic scan was found to decrease significantly after
surface passivation at high voltage and elevated temperatures. We also introduce the asymmetric hybrid technology in a bonded
flat plate plastic cell configuration where packaged energy densities were calculated to be in excess of 20 Wh/kg. In addition, a
practical method for three-electrode analysis of Li cells by use of a Ag quasi-reference electrode wire is discussed.

© 2001 Telcordia Technologies[DOI: 10.1149/1.1383553All rights reserved.

Manuscript submitted July 5, 2000; revised manuscript received March 25, 2001. Available electronically July 13, 2001.

The number of applications requiring mobile power sources haswindow of water. The nonaqueous electrolytes offer much improved
increased dramatically in the past 10 years. The research and induseltage stability allowing operation from 0 to 2.75 V, thereby result-
trial community has responded by producing batteries of exceptionaing in higher energy densities compared with aqueous counterparts.
energy densities and capacitor technology of exceptional power denEDLC electrodes are typically composed of high surface éréao-
sity. Li-ion batterie$ and capacitors have addressed the extremes 0R000 n?/g) activated carbon. During charge and discharge, an elec-
the energy density and power density, respectively. trochemical double layer is reversibly formed on the carbon elec-

Electrolytic capacitors store energy through the use of a thintrodes. The anion and cation species from the electrolyte adsorb in a
insulating oxide film separating the two metal electrodes from thedouble layer on the positive and negative electrodes, respectively,
electrolyte. The electrostatic capacity of the capaci@uF), is during charge. Such nonfaradaic processes lead to capacitance on

governed by the basic equation the order of 80-120 F/g.
Pseudocapacitive electrodes have been utilized in order to in-
C= i [1] crease the capacity of EDLCs. Pseudocapacitors utilize double-layer
d capacitance which occurs in parallel with a faradaic process at the

electrode particle surfaceThe faradaic process may present itself in

wheree is the dielectric constant of the dielectris, (cn?) is the the oxidation or reduction of electrochemically active species at the
electrode surface area, addcm) is the thickness of the dielectric ~€lectrode particle surface, or may manifest itself in the full or partial
or distance between electrodes. charge transfer of electrolyte ions on the particle surfddéThe

Electrolytic capacitors allow exceptionally fast charge, dischargefaradaic reactions of a pseudocapacitive electrodes occur on the sur-
(ms), and robustness? Although capable of high voltages in excess face, therefore, the capacity of pseudocapacitive electrode materials
of 100V, these capacitors exhibit poor energy densities that severelgcale with the surface area of the particle. For the most part, the use
limit their use in energy storage applications. Electrochemicalof these electrodes has been confined to aqueous batteries and con-
double-layer or electric double-layer capacitdEDLCs)® have ca-  sists of materials such as hydrated ruthenium oxides, iridium oxides,
pacitance exceeding that of electrolytic capacitors by one to twonickel oxides, and hydroxides. Such pseudocapacitive behavior is
orders of magnitude. These electrochemical capacitors consist 04|so observed in p- or n-dopable electronically conductive polymers
porous electrodes having capacitor plate a®aorders of magni-  such as polypyrrole or polythiophene. By definition, no bulk inter-
tude greater than electrolytic capacitors. Charging of the electrodealation reactions occur in any of these capacitor electrodes. Inter-
results in the formation of a Helmoltz double layeith the ions of  cajation results in stresses that eventually lead to the electrome-
a liquid electrolyte. The thickness of the double layer is represente@Ghanical breakdown of the material over a number of cycles. In

8
by Eq.(2) contrast, the double-layer and pseudocapacitive reactions exhibit ex-
k 172 ceptional reversibility. This is evident in the nonaqueous EDLC'’s
1 €€ BT . . .
T [2] exceptional cycle life exceeding X 10° cycles.
FENZ] The nonaqueous EDLC is slowly replacing low energy density

battery technology such as Ph-acid and NiCd in a number of appli-
wherek ~! is the double layer thickness, the dielectric constant of  cations. Although the specific energy density of the nonaqueous
electrolyte solutiong, the permittivity of free spaceg the Boltz- EDLC is approximately one order of magnitude lower than these
mann constantl; the concentration of ion in solutiof, the Fara-  technologieg2-5 Wh/kgvs.20-50 Wh/kg, two important attributes
day constant, and; the charge of the ionic species. Based on this of the nonaqueous EDLC technology makes this replacement desir-
relation, the double layer has a thickness on the order of 10 A for aable. These two attributes are the ability to charge quickly and main-
monovalent cation, which greatly reduces the plate separation factotain exceptionally long lifetimes.
d, compared with an electrolytic capacitor, and increases the elec- Fast charging of an electrochemical energy storage cell, for ex-
trostatic capacity significantlyEq. 1). ample, in 5-10 min, is a desirable attribute for a host of present-day
EDLCs utilize aqueous or nonaqueous electrolytes. Although ex-and future electronic and traction devices. To date, few electro-
hibiting superior conductivity, aqueous-based nonaqueous EDLCghemical cell technologies allow fast charging of practical consumer
are limited in voltage due to the narrow electrochemical stability cells. High energy density Li-ion cells cannot be charged faster than
a 2C rate without the use of an alternative negative electrode mate-
rial. Fast charging can result in significant underpotential resulting
* Electrochemical Society Active Member. in hazardous Li plating and subsequent deterioration of cell perfor-
% E-mail: gamatucc@telcordia.com mance. NiCd batteries are the fastest of the consumer viable tech-
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Figure 1. Simplified schematic of electrode reactions of an asymmetric hy- Plungers

brid cell.

nologies, capable of exceeding 10C discharge rates. Charging ca
also be performed at exceptional rates, but difficulty arises in a
sealed system. During fast charge, the reaction kinetics for oxyger + +
recombination on the negative electrode cannot keep pace with the, ) ™
charge current. In addition, the charging process is exothermic an igure 2. Schematic of a two- and three-electrode Teflon Swagelok™ cell.
rates must be kept slower than C/2 for safety reasons. Cells utilizing
electrode structures which have greater heat conductivity and cells
with improved electrolyte distribution can be charged at 1C rate due
to smaller amounts of gas generation, but only with charge controls
such as temperature sensing and monitoring of voltage evoltftion. tandem with activated carbon positive electrodes. Finally, prototype
Pb-acid is the only commercial technology which can sustain suchbonded, flat plastic cells are introduced utilizing the asymmetric
fast charge rates, especially with the use of high power density Pbhybrid technology to demonstrate practical energy densities. In ad-
acid technology using thin film electrodéBolder Technologies™ dition, the use of Ag is discussed as a quasi-reference electrode for
The second attribute, long, robust cycle life, is the main driving fast, routine three-electrode characterization of such cells.
force behind the acceptance of the nonaqueous EDLC as a replace-
ment for the aforementioned battery systems. Li-ion, Pb-acid, and
NiCd rarely exhibit cycle life exceeding X 10° cycles. However, Experimental
nonaqueous EDLC technology allows>5 10* to 1 X 10° cycles o
with little appreciable capacity loss, essentially a maintenance free Three-electrode cells-The use of a lithium metal reference
energy storage device. In addition the EDLC exhibits excellent re-€lectrode is the most accurate method for three-electrode electro-
sistance to irreversible capacity loss after extended periods of storchemical characterization in Lielectrolytes. However, Li reference
age at low and elevated temperatures. Battery replacement requirédectrodes are not easily reused and are somewhat tedious to fabri-
nonaqueous EDLC technology of the highest energy density. Tocate on a routine basis. Quasi-reference Ag metal electrodes have
some extent, the energy density of the nonaqueous EDLC can bkeen utilized in aqueous electrochemical cells; they are attractive
increased’5-6 Wh/kg through the use of thicker carbon electrodes because of ease of use and low electrical resistance. The disadvan-
at the price of larger RC time constant. The voltage profile of atage is a voltage drift in excess of 15 mi/Little published data
nonaqueous EDLC is linear ranging from 0 to 2.75 V. For high exists with respect to their routine use in the characterization of
energy density applications, less than a 1.5 V swing is desired. Furnonaqueous electrochemical systems.
thermore, the capacity in the voltage region from 0-0.75 V is con-  Three-electrode test cells used in these studies consisted of Te-
sidered low quality power and is rarely utilized. Therefore, it is flon Swagelok™ bodies and seals with oxidation and reduction re-
desirable to develop an electrochemical cell which combines theSistant stainless steel plungers. The third electrode consisted of a
attributes(rate, cycle lif¢ of the nonaqueous EDLC and the battery flattened metal wire inserted into the cell. The reference electrode
(energy density was placed between two sheets of borosilicate glass fiber separator
In this paper, we present the preliminary results for an energymaterial(Fig. 2).
storage system based on nonaqueous electrolytes which can main- Three-electrode characterization of the well-known Li-ion couple
tain both high energy density, extended cycle life, and fast chargd-iCoO, vs. graphite was performed in order to calibrate and verify
capability(>100). In one configuration, the asymmetric hybrid cell the accuracy of the Ag quasi-reference electrode. The Ag quasi-
concept utilizes a non-faradaic capacitive positive electrode and seference electrode and Li metal reference electrodes were incorpo-
negative electrode which utilizes a faradaic intercalation reaction torated into a three-electrode cell incorporating LiGa@Dd mesocar-
store charge. The electrochemical processes occurring within such lbon microbeads(MCMB) 25-28 graphite as the positive and
system are shown in the simplified schematic of Fig. 1. The use ofnegative electrodes, respectively. The two-electrode results for both
an intercalation compound as the negative electrode offers the opki and Ag references are shown in Fig. 3a and b, respectively. The
portunity to effectively pin the electrode voltage at potentials very Li and Ag reference electrodes give virtually identical profiles. The
negative with respect to SHE and maintain acceptably high gravi-three-electrode plot for the Li reference and Ag quasi-reference are
metric and volumetric energy densities as opposed to a pseudocalso shown in Fig. 3a and b. Both the Ag quasi-reference electrode
pacitive reaction. and the Li reference electrode enables clear identification of the
The general concept of the nonaqueous electrolyte asymmetrisolid electrolyte interfacéSEI) formation on graphite at-2.2 and
hybrid cell, selection and performance of individual electrodes, and0.8 V for the Ag quasi-reference and Li/Lireference cell, respec-
preliminary cell performance are presented. During the course ofively. Most important, little voltage drift during cycling was ob-
this study we introduce the use of a nanostructuredit®;, we served when the Ag alkali quasi-reference electrode was utilized. In
have developed as a negative electrode material suitable for use ishort, excellent agreement was shown between the Ag quasi-
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5 Kynar Flex 2801, and 18% dibutyl phthalate plasticizer in acetone.
r 1 The mixture was cast and dried at 22°C for 0.5 h. Afterward, disks
~~ . .
8 4l 3 were punched from the freestanding tape. The disks were then
g r ] placed in ether to extract the plasticizer. The electrolyte wd M
o 3 E 1 LiPFg in 2:1 volume ratio of ethylene carbongtC):dimethyl car-
E) r bonate(DMC). Electrochemical cycling was performed either on a
4, [ MacPile (Biologic, France or Maccor galvanostat. All cell fabrica-
= 2 § tion was performed in a-80°C dewpoint, He-filled glove box.
S| - 1 Stainless steel coin cellBIRC), utilizing borosilicate glass fiber mat
;’ 1+ ] separator, were used for two-electrode cell characterization.
on r ] All electrode material characterization performed at high rates in
= 0F - - 3 coin cell and Swagelok was done in such configurations that the
= . Graphite vs. Li ref. ] amount of active material in the electrode did not result in cell
R T R I SRR current densities in excess of 10 mAfenThis was to ensure that

0.4 0.5 0.6 0.7 0.8 0.9 1 system restrgint@noptimizgd glectrolyte, efcdid not influen.ce the
’ ) ) ) ) electrochemical characterization of the electrode materials. Rela-
) x in Li CoO tively slow (C/2) discharge rates were utilized only to extend resi-
X 2 dence time during long-term cycling evaluation to gather more re-
alistic data with respect to cell lifetime. Discharge rate utilization
exceeded charge rate utilization in all asymmetric hybrid examples
and therefore were not the subject of optimization.

—_—
[

e
Sum

Asymmetric hybrid.—Positive electrode selectiein order to
LiCoO2 vs Ag ref 3 achieve high energy density, the positive electrode of the asymmet-
1 ric cell should exhibit high reversible capacity with the anion of the
electrolyte at voltages in excess of 0.SHE). The electrode must
also be capable of extremely fast electrochemical reaction with the
anion and exhibit exceptional cycle life. Few materials presently
. exist which can satisfy these requirements.
2 - Graphite vs. Ag ref A ngmber of organi.c_ redox mgterials ex_ist which may be utilized
E % ] for their pseudocapacitive p-doping behavior. Polypyrrole and poly-
-3 ' —— E— thiophenes exhibit promising behavi§rt” however, we elected not
0.4 0.5 0.6 0.7 0.8 0.9 1 to include them in this initial study because of practical limitations
in Li CoO of these materialgcost, stability, cycle lifg¢ Carbon materials offer
X m lx o 2 a wide degree of electrochemical activity with anions. Graphite and
coke-based compounds are known to electrochemically intercalate
anion species at high potential and are used as a positive electrode in
C-C intercalation celld®1°These are attractive for use in C-C cells
because of their excellent specific capacity. Activated carbons have
surface areas which exceed 150&grand have an exceptional pro-
L pensity for anion double-layer adsorption as demonstrated in non-
reference and the true Li/Lireference electrodes. Based on these aqueous EDLCs. The fundamental chemical similarity and practical-
and additional studies, we were able to calibrate the Ag quasity of both the capacitive and intercalation carbons made these
reference electrode potential to be approximately 3.@sMLi/Li *. interesting to compare from an electrochemical point of view.
This is approximately equal to that of a standard hydrogen electrode Three Li anode cells were fabricated utilizing a MCMB 25-28
(SHE). A number of alternative electrochemical couples were alsographite, expanded graphite, and activated car#N basedl as
characterized using the Ag quasi-reference electrode; all exhibiteghe positive electrode and 1 M LIRFEC:DMC as the electrolyte.
excellent stability for at least 1 month. During the course of this The voltage profiles of these cells for one complete charge-discharge
Study it was nOted that excessive eleCtrolyte OX|dat|0n on the Surfac%y(ﬂe are shown in F|g 4. Both graphites exh|b|’[ the onset of inter-
of acti\(ated cart_)on e_Iectrodes at high voltages gnd temperatures calation with the PE anion at 4.5 V, however, the expanded graph-
result in potential drift. We believe that the drift was due 10 the o pag 4 jarger capacity for intercalation. This is most likely due to
formation of oxidation byproducts that altered the surface chemlstryits smaller particle size and a smaller of 350 A compared to 650
of the Ag electrode. A for the MCMB 25-28. The intercalation and deintercalation pro-

General—High surface area activated carbons were obtained ei-ceeds on plateaus which is suggestive of an ordering reaction among
ther in their powder form from natural precursdbsorit) or fabric the planes with respect to g’l—‘rntercalatiorlz.0 Further intercalation
based on a synthetic polacrylonitril®AN) precursor(Kothmex,  of PR, could be performed, but higher voltages challenged the elec-
Taiwan Carbop Activated carbons had surface areas ranging fromtrochemical stability window of the electrolytes when the voltage
700 to 2000 rfig. MCMB 25-28(Osaka Gasand expanded graph-  exceeded 5.15 V. The activated carbon exhibited significant capacity
ite (Superior Graphitewere used as anion intercalation hosts. Nano- with respect to anion double-layer formation, as did the intercalated
structured LiTisO,, was fabricated by high-temperature solid-state graphites. As expected for the capacitive adsorption process, the
reaction of nanocrystalline TiOand LLCO;. Additional details re-  voltage increased linearly with capacity. The slight deviation from
garding the fabrication and performance of these materials will belinear behavior at the end of charge is the result of electrolyte oxi-
published elsewhere. dation on the high surface area activated carbon, an issue which is

All Swagelok coin cell electrodes were made by way of the investigated further on in this paper. The anion intercalation and
Telcordia plastic electrode technology procEs65% active mate-  double-layer adsorption processes resulted in approximately identi-
rial was mixed with 6.5% carbon bla¢MMM Super B, 10% poly- cal capacities within the specified voltage range. Rate capabilities
(vinylidene fluorideeo-hexafluoropropylenebinder (EIf Atochem, were also characterized for the three carbons. Figure 5 shows the
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Figure 3. Two- and three-electrode voltage profiles of a graphite/LiCoO
cell utilizing a(a, top Li metal reference anb, bottom Ag quasi-reference
electrode.
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Figure 4. Charge discharge reactions of MCMB grapHitepe), expanded  Figyre 6. Charge-discharge plots showing PEdsorption and desorption
graphite(middle), and activated carbotlower) in LiPFs EC/DMC electro-  specific capacity of a PAN-based activated carbon electysdei metal.

lyte vs. Li metal.

(mAh/g) of these activated carbons can be converted to their capaci-

rate capability of the adsorption process is far superior to that of thetance(F/g) by the following formula 3

intercalation process for any of the graphites. This is expected, as no s
bulk diffusion within the particle is required for the nonfaradaic - dt Ah 36005
process. Among the graphites, the expanded graphite exhibited _ _ i(A) S R m . [3]

B mA
dV(V) - 1000

much improved rate capability. Based on good capacity and excel- 0 dv(Vv) g
lent rate capability, activated carbon was chosen as the preferred
positive electrode material for this study.

We are concerned with characterization and improvement of thery;s relation is only valid if the voltages. time relation is a linear,
specific capacity of the activated carbon with respect to the anionpgnfaradaic function. Based on this expression the calculated spe-
therefore, we characterized the specific capacities of activated cafific capacity and capacitance is shown in Table | for all carbons
bons of a wide range of surface areas. In order to isolate the capacissted. Based on Eg. 1, the capacitance of the anion on activated
tance or the capacity over a defined voltage range for the anion, We,rhon should be a direct function of the carbon surface area. The
tested the electrodes at a relatively slow rate of 1C in an asymmetri?elationship between the capacitance of the activated carbons and
configurationvs. Li metal. As the cell is charged, Liis reduced at  their surface area is shown in Fig. 7. As expected, a close relation-
the Li metal negative electrode and the;P&hion is adsorbed into a  ship is observed. Based on the relatively large capacities of 45
double layer on the positive electrode. Figure 6 shows a representanAh/g over a voltage range of 0-1.3 88HE), 3-4.3 V (Li/Li™),
tive plot of the capacity of the activated carbon for an activated sample G, a synthetic PAN-based activated carbon, was utilized as a
carbon fabricated from a pyrolized activated PAN. Capacitiespositive electrode for the initial asymmetric hybrid cell construc-

tions.
Negative electrode-Besides low reduction potential with respect to
720 ¥ SHE and high specific capacity, the faradaic negative electrode in-
[ ] tercalation compound utilized in the asymmetric hybrid cell must
B N complement the performance attributes of the nonfaradaic activated
100 o h . -
> carbon positive electrode. These attributes include exceptional cycle
E [ ] life and excellent rate capability.
< 80 - Activated Carboni A number of intercalation compounds exist which intercalate Li
% I 1 at voltages below-1 V SHE. These include a wide class of mate-
O 60 ]
D) I Expanded Graphite
%0 40 N ] Table 1. Anion double-layer capacitance and specific capacity
- H values for activated carbons of various Brunauer-Emmett-Teller
8 20 I ] (BET) surface areas. Specfic capacity values were calculated
8 MCMB 25-28 ] from 3-4.3 V.
) - ]
ol 0r e Capacity 3-4.3V
i ] Sample  Surface ardan’/g) (m Ah/g) CapacitancéF/g)
-20 e — A 884 18 64.8
c/i5s  C2 1C 2C 5C  10C B 1200 28 100.8
C 920 36 93.6
Charge Rate D 800 20 72
E 1400 28 100.8
Figure 5. Charge rate comparison betweengPiRtercalation reaction in F 2000 36 129.6
graphites and adsorption on activated carbon. G 2400 46 165.6
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Figure 9. Charge-discharge profile of [TisO,, vs. Li.

Sample

Figure 7. Specific capacity of a RFanion double-layer reaction and spe-
cific surface areas measured for various activated carbons.

All the requirements that have been set forth for the negative
electrode can, for the most part, be met by the intercalation com-
pound LiTisOq,. LisTisO;, exhibits a two-phase lithium intercala-
tion reaction at approximately 1.5 V (Li/L)

. . _ . —
rials such as oxides, nitrides, sulfides, alloys, phosphates, and (:ar-l"Sil"l’3-r'5’3]16004 et LT + € = Liy 16dLivTisaliodOa aze
bonaceous materials which have been characterized for use as negﬁa . .
tive electrodes in Li-ion batteries. Carbonaceous intercalation "¢ WO-phase reac'glorl rffygts in a very flat voltage plateau at ap-
materials, such as graphites, hard carbons, and coke, are highly dF_roxmater 1.5V (LiLi")= (Fig. 9 which can offset the steep,
sirable from an energy density point of view as these materials in-1n€a"; nonfaradqlc profile _of the_ activated carbon _po_smvg electrode
tercalate Li at voltages close te-3 V SHE. However, as Fig. 8  ©f the asymmetric cell. LiTisO,, is one of the few lithium interca-
shows, the low voltage and subsequent proximity to the plating poJation compounds that exhibit little appreciable expansion or con-
tential of Li is not desirable because Li plating may be induced with tractlog during the '_'th_'fm insertion-reinsertion proce&hzuku
undervoltage during fast charge protocols. et al).” The 1.5V (Li/Li") voltage of the lithium insertion process
The most demanding requirement demanded by the asymmetrits low enoughvs. the 3-4 V (Li/Li") nonfaradaic positive electrode
hybrid with activated positive electrode is cycling stabilityl0® for the energy density to remain high; it also provides a safety win-
cycles. Aimost all intercalation compounds undergo some degree oflow of 1.5V against electrochemical plating of lithium during ex-
expansion or contraction upon intercalation. Most intercalation com-tremely fast lithiation. In order to obtain appreciable performance at
pounds are ceramic materials exh|b|t|ng a h|gh Young’s modu|uslinterca|ati0n rates requiring full intercalation of lithium ions within
Crystallographic isotropic or even worse, anisotropic expansion and® min (10C), we found it was necessary to develop a nanostructured
contraction will lead to an extensive amount of electromechanicalLisTisO;, material. Comparison of the nanostructuredTifO;,
grinding at incoherent grain or domain boundaries. This leads towith conventional LiTisO;, made through solid-state synthesis is
electrical disconnection of the particle and resulting capacity loss.shown in Fig. 10. The nanostructured material offered at least a 30%
The failure scales with material modulus, particle size, anisotropy ofimprovement in lithiation(asymmetric hybrid chargeate capabil-
expansion and contraction, and finally the degree of expansion andty. Details of the nanostructured fi;O,, will be published else-
contraction. where. Figure 11 shows the cycle life of the nanostructured
Li,TisO, vs. a Li metal negative electrode cycled at a rate of C/2.
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Figure 8. Three-electrode voltage plot of an activated carbon/LiPF Figure 10. Specific capacity as a function of lithiation rate for a nano and
EC:DMCI/Li metal electrochemical cell. coarse LiTisOq, vs. Li metal.
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Figure 13. Charge-discharge voltage profiles of an asymmetric hyisic

Figure 11. Cycle life of a Li/Li,TisO;, cell cycled at C/2 charge and dis- carbon-carbon nonaqueous EDLC. Capacity is normalized.

charge cycled between 1.2 and 2.5 V.

Less than 2% capacity loss occurred after 750 cycles, the majority ofycling. The LiTisO,, electrode shows a flat two-phase intercala-
it due to failure of the Li electrode. This is the best cycling stability tion to full capacity at—1.4 V vs. Ag quasi-reference. This is
that we have observed published for any intercalation materdsi- identical to the two-phase lithium intercalation reaction observed
thin film), including Li,TisOy,. The good cycle life of the LTisO,,  at approximately 1.5 Ws. Li/Li ¥, confirming intercalation. Simul-
complements the exceptional cycle life of the nonfaradaic activatedaneous with the intercalation reaction at the negative electrode, a
carbon positive electrode. PF; double layer forms on the surface of the positive electrode
) ) ) _carbon. The electrode reaction reveals the typical linear voltage in-
Asymmetric hybrid celi—A three-electrode cell was fabricated uti- rease one would expect for a nonfaradaic reaction. The composite
lizing the actlvate_d carbon composite mater!al as the positive eleci/oltage profile of the LiTiOy, vs.C cell reveals a gradually sloping
t_rode and the L4|T|5_O_12 material as the negative eleptrode. The ac- profile between 1.5 and 2.5 \Fig. 13 compared with the sharply
tivated carbon positive electrode and,TiO;, negative electrode sloped carbon-carbon nonaqueous EDLC.
were based on an active weight ratio of 4:1, respectively. The bal- Figure 14a shows the cycling of the hybrid configuration. 0%
ancing ratio was calculated using the 35 mAh/g specific capacity forcapacity loss was recorded after 200 cycles of 8C charge and C/2
the activated carbon and 140 mAh/g specific capacity for thegischarge, fast charging of 10@ min) results in 92% utilization
Li4TisO;, measuredss. Li metal. This ratio ensures full lithiation of  with similar cycling efficiency. The excellent cycling stability of the
the Li;TisOy, negative electrode upon charge. An Ag wire was used,Ti;O,, (Fig. 11) complements the intrinsic cycling stability of the
as a quasi-reference electrodeM LiPFg in 2 EC:DMC (vol:vol) nonfaradaic, nonintercalation activated carbon. Extended cycling for
was used as the electrolyte. Figure 12 is a plot of the individualthis couple is shown in Fig. 14b, little capacity loss is exhibited after
electrode profiles along with a composite voltage profile during cell 800 cycles at 10C charge. Utilizing an extreme cycling condition of
10C charge and 10C discharge with no relaxation between cycles
the cell demonstrated 4500 cycles with less than 18% capacity loss
4 N — (Fig. 15.

Electrolyte oxidation—The use of high-surface area carbons at volt-
ages in excess of 1 Ws. SHE (4 V vs. Li/lLi ") challenges the
electrochemical stability of the nonaqueous electrolyte. The energy
density of the asymmetric cell scales with the maximum usable volt-
age of the activated carbon positive electrode. This is the result of
. 4 two factors:(i) unlike faradaic intercalation compounds, the capac-
1 i . ity of the nonfaradaic activated carbon electrode scales linearly with
* Activated carbon vs. ref. ] voltage, andii) a higher cutoff voltage will result in a higher aver-
age voltage for the cell, therefore, increasing energy density. In light
of these benefits, an understanding of the failure mechanisms in-

Voltage (Ag quasi-ref. or sum)
<o

Ak N LiTi O vs.ref. 1 3 volved with the use of higher potentials at the activated carbon
F ) positive electrode is desirable.

oL u b It is has been shown that relatively low surface area carbons
r 1 undergo oxidative side reactions in nonaqueous lithium
L electrolytes® Instead of the 20-200 ffy carbon blacks character-

-3 ized in these previous studies, the positive electrode material of the
10 15 20 25 30 asymmetric cell has a surface area ranging from 800 to 20%§. m

ti h At high potentials, we have observed a departure from the typical
1me ( ) linear voltage, nonfaradaic response that we would expect from a
Figure 12. Three-electrode measurement of an asymmetric hybrid cell uti- pure double-layer adsorption reaction at the activated carbon posi-
lizing an activated carbon positive electrode angTlJO,, negative electrode  tive electrode. Also, our elevated temperature study revealed that
in LiPFg EC/DMC electrolyte. irreversible capacity loss after a week at 55°C was 0%, but our
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L B B BLALRLSUS BN L B B Figure 15. Cycle life for an activated carbon/[JisO,, cell cycled at 10C
160 r ] charge, 10C discharge with no relaxation between cycles.
= i second cell of Fig. 17 was initially cycled to 4.6 V, then raised to 4.8
~f-§ 120 - | V after a few cycles. The initial current increases systematically
= I IVC charge ] with an increase in the upper cutoff voltage. In both voltage regimes
- 7 the peak current is shown to rapidly fade similar to the cell of Fig.
é N . 16b. Finally, when the cell cycled to 4.8 V was placed at 55°C, a
2 80 r 10C charge . large anodic current peaking at 8.5 mA was observed, a value which
'S r ] continually decreased to a value approaching 3 mA after 100 cycles.
8 r ] This data suggests a substantial degree of electrolyte oxidation is
8 40 i occurring at the carbon surface when the high surface area carbon
i electrode is exposed to high potentials and/or elevated temperature.
However, this oxidative current is found to decrease rapidly as a
] function of cycle number, suggesting carbon passivation which pre-
P I S BT B AP IO S vents further electrolyte oxidation. The effect of high potentials and
100 200 300 400 500 600 700 800 elevated temperatures on capacity is surprisingly minimal, after 70
(b) Cycle # cycles to 4.8 V at 55°C, less than 2% capacity loss was measured.

However, we have not yet evaluated the effect of temperatures and
) ) ) o ] upper cutoff voltages on the rate performance. Based on these re-
Figure 14. (a top Cycle life of an asymmetric hybrid utilizing activated gy jts, we expect reversible self-discharge can be decreased signifi-
carbon positive electrode and,[isO;, negative electrode. Charge rate is 8 cantly with a lower upper voltage cutoff, proper activated carbon

and 10C, discharge rate is C/2, cell is cycled between 1.5 and 3(B, V. ; ; _
bottom) Extended cycle life of a similarly constructed asymmetric hybrid surface pretr_eatments, Improved_ _electrolytes, and the possible re
placement with organoredox positive electrodes.

cell.
Prototype bonded plastic asymmetric hybrid celiflastic asym-
metric hybrid cells were fabricated in a similar fashion to the Tel-
reversible capacity loss approached 100%. This self-discharge becordia plastic Li-ion technology ceff$in order to calculate the en-
havior is in sharp contrast to room temperature results which indi-ergy density of this device in a packaged prototype cell. Both
cated a reversible capacity loss of approximately 8% per month. Irelectrodes were fabricated by mixing the active material, (voly
light of these results we have embarked on an initial investigation ofnylidene fluorideso-hexafluoropropylene binder, propylene car-
the voltage-dependent, room and elevated temperature properties §pnate plasticizer, and conductive carbon black in acetone. For the
these materials using cyclic voltammetry. Li,TisO,, electrode, active loadings were 65 wt % and tape thick-
Two asymmetric hybrid cells utilizing PAN-based activated car- Ness was approximately 2@n. The positive electrode consisted of
bon fabricvs. Li metal were fabricated and cycled at a rate of 20 A-supra activated carbofiNorit). The positive electrode active ma-
mV/0.125 h. Both cells were cycled to high potentials, the first to terial weight ratio was 4:1 with respect to the,TisO;, negative
4.5V and the second from 4.6 to 4.8 V. The voltammetry results forelectrode. The slurries were cast and dried in ambient for 1 h. A
the 4.5 V cell are shown in Fig. 16a. The data shows considerableurface-treated 2am separatofCelgard was used as the separator
anodic oxidation at voltages4.4 V, however, the degree of oxida- material. The electrodes, aluminum grid current collectors, and sepa-
tion as a function of cycle number is difficult to decipher. Figure 16b rators were heat laminated into a bicell configuration which is es-
shows the plot of the identical cell cycled from 3 to 4.5 V showing sentially two asymmetric hybrid cells sharing a common current
current as a function of time. This plot style accentuates the pealcollector. The plasticizer retained the porosity during lamination.
current as a function of cycle number. All peak currents occurred afThe propylene carbonate plasticizer contained in the electrodes of
the high voltage region of the anodic scan. Figure 16b shows thathe bonded cell was then removed by extraction in ether. The cells
the initial peak oxidative current is high, but rapidly decreases as awere packaged in a laminate packaging material consisting of a
function of cycle number. When the cell is placed at 55°C, the peakthermoplastic sealing layer and a thin aluminum hermetic layer. The
current abruptly increases and then quickly subsides to a constarttells were dried and activated in-e80°C dew point He-filled glove
value, which is less than 1 mA above the cathodic current. Thebox. The cells were then activated using 1.5 M L4Ri€etonitrile
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Figure 18. Voltage profile of plastic asymmetric hybrid cell.

electrolyte. We have found this electrolyte to result in very high 150 — ; l
ionic conductivity of 38 mS/cm at 22°C. > i
Figure 18 shows the voltage profile of the first few cycles of the g
plastic asymmetric hybrid device. Energy density of 18 Wh/kg was a [
measured for a 40 mAh X 3in. packaged device. Preliminary 8 L
cycling at C/2, C, 5C, and 10C char¢@3 mA/cnf), C/2 discharge o 100 ./.,g 5C 10C ]
is shown in Fig. 19. 10C rate capability of the plastic prototype cells &0 r ~ |
was observed to be consistent with liquid coin cells. Excellent ca-j:‘s r
pacity retention even at 50C discharge is ndtéid. 20, maintain- 2 i b
ing approximately 75% of the full intercalation capacity of the nano- 5 i
structured LiTisO;,. Long-term cycle life of the preliminary = 50 [ b
prototype packaged cells is shown in Fig. 21 compared with &S
similarly constructed nonaqueous plastic nonaqueous EDLCS L
technology (activated carbon/tetraethylammoniumtetrafluoroborate 2 [
acetonitrile/activated carbpn and plastic Li-ion technology [
(LiCoO, /LiPFgEC:DMC/graphit¢. The asymmetric hybrid chemis- 0 r | ] ‘ J

try shows a cycle life which parallels that observed for nonaqueous
EDLC technology and is much improved over that of Li ion. Energy

density of 25 Wh/kg was measured for a 400 mAh plastic asymmet-
ric hybrid cell, 500-700% greater than that of packaged nonaqueous
EDLC technology.

0 20
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80

100

Figure 19. Cycle life of plastic asymmetric hybrid celsee text for details
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Figure 20. Discharge profile as function of rate for plastic activated carbon/ Eigure 22. Cell output voltage comparison for one charge-discharge cycle

Li, TisOy, cell. Specific capacitymAh/g) of Li Ti<Oy, is shown. f an actjvated carbon/activate'd carbon nonaqueous EDLC, a
Li,TisO,/activated carbon asymmetric hybrid cell, and a Motivated car-

bon asymmetric hybrid cell.

required in most electrochemical energy storage technologies, the

asymmetric hybrid cell must be balanced for peak efficiency with

respect to the capacity of the positive and negative electrodes. Howrelatively strong function of the electrolyte, therefore the molarity of

ever, in addition, the “capacity,” or ionic content, of the electrolyte the solution should be optimized so that the change in the conduc-

solution must also be balanced. This is a similar situation faced bytivity is minimized during cycling of the cell.

carbon-carbon intercalation batterfésThis issue raises the impor- Compared with Li-ion battery chemistry, the electrolyte has an

tance of maximization of the salt solubility and also the selection ofimportant difference in the asymmetric hybrid. In Li-ion batteries

salts with minimal molecular weight. The specific capacity of salt concentration polarization is a limiting factor to the rate capa-

lithium salts ranges from 176 mAh/g for LigF172 mAh/g for bility of the electrolyte systerd® During fast discharge in Li-ion

LICF5;SO;, 252 mAh/g for LiCIQ, to 286 mAh/g for LiBR. There- battery chemistry, Ui ions are deintercalated from the graphite

fore changing the salt from LiRFo LiBF, will reduce the required  negative electrode. Simultaneously; lions are intercalated into the

weight of salt by 63%. positive electrode. This results in a localized excess of positive

Because of the reversible consumption of the electrolyte salt incharge(Li ™ ionsg) and negative charg®F; electrolyte anionsat the

the electrolyte solution, the molarity of the electrolyte salt solution yyq electrodes, respectively. The faster diffusing; RiRions diffuse

will undergo wide swings with each charge and discharge. Eachyom the positive electrode to the negative electrode to equilibrate

mole of electrolyte is equivalent to 26.8 Ah in capacity. Therefore, charge. This in turn leads to a depletion of electrolyte salt at the

in the development of such fast charge asymmetric cells, one mustqsitive electrode and excess salt at the negative electrode. During

be conscious of the change in conductivity of the electrolyte as &ag;t discharge the process works in reverse, and is as equally inhib-

function of salt concentration. The conductivity of this system is iting. In contrast, the asymmetric hybrid has a symmetric driving
force for the P ions and Li to the opposing electrodes which will
reduce concentration gradients and which may result in a positive

120 T T T ] effect on the fundamental current density capability of the electro-
[ i lyte system. This is especially apparent during fast discharge as both
%‘ 110 b 1 anions and cations are introduced into the electrolyte rather than
3 Activated Carbon / Activated Carbon Supercapacitor - depleted at one electrode.
S 100 1 A nonaqueous EDLC utilizes two electrodes having a capacity of
Q N\ " < 30-40 mAh/g. The basic C-LTisO,, hybrid system utilizes a posi-
5 90 [ » B tive electrode with a specific capacity of 30-40 mAh/g and a nega-
5 b Activated Carbon / Li Ti O Hybrid | tive electrode capacity of 120-160 mAhfdepending on preparation
§ L \ 1 conditions. The increase in the gravimetric and volumetric energy
o=t 80 - iceo / Graphite Li-ion Battery ] densities of the negative electrode results in a significant increase of
= r z ] the overall energy density of the cell. Under optimized conditions,
g= 70 L a the usable capacity of a C-C nonaqueous EDLC is between 0 and 3
g i ] V (averageV = 1.5V) (Fig. 22. Due to the flat two-phase Li
© 60 [ 1 intercalation plateau of the HisO;, at —1.5 V SHE which effec-
N [ 1 tively “pins"the negative electrode voltage, the useable capacity of
r : the hybrid cell (of Fig. 22 is between 1.5 and 3 \(average
50 1 T T . i
V = 2.25V). The average voltage increase raises the cell energy
0 1000 2000 3000 4000 density significantly without requiring an increase in current density
for a fixed C rate.
Cycle # Assuming a 100% excess of LiBBalt (286 mAh/g, Li,TisO;,

Figure 21. Comparison of capacitys cycle number for plastic Li-ion tech- (160 mAh/g, activated carbori40 mAh/g, the calculated energy
nology, plastic asymmetric hybrid technology, and plastic nonaqueous EDLCdensity of the material system based on an average voltage of 2.25V
technology. is 58.5 Wh/kg. Utilizing an alternative negative electrode with an



Journal of The Electrochemical Society48 (8) A930-A939(2001)

A

e A

T

T

A939

Conclusions

We have introduced a nonaqueous electrolyte asymmetric hybrid
electrochemical cell. The positive electrode material consists of a
high-surface area activated carbon which undergoes a nonfaradaic
process with the anion species of the electrolyte, very similar to that
observed in a nonagueous EDLC. The negative electrode is a lithium
insertion compound, which inserts lithium to the theoretical limit
upon the charging of the cell. All the ions for the negative electrode
insertion process are contained within the electrolyte solution. Acti-
vated carbon and a high-rate, long-life nanostructurg@it®;, that
we developed were identified as suitable materials for use as the
positive and negative electrode, respectively. The hybrid cell utiliz-
ing these materials exhibited high capacity, a much improved volt-
age profile, and a 400-500% energy density increase with respect to
today’s nonaqueous nonaqueous EDLC technology while maintain-
ing long cycle life characteristics and 90% capacity at 10C charge
rates. The activated carbon positive electrode was investigated by
cyclic voltammetry. Electrolyte oxidation was found to be reduced
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Figure 23. Three-electrode characterization of charge-discharge cycles of
WO,/activated carbon asymmetric hybrid cell.

average voltage of-2.5 (SHE) and identical capacity of 160
mAh/g, the energy density of the system increases to 85 Wh/kg.
Current collectors, polymers, solvent, and packaging will lower

considerably after passivation. W@as introduced as a possible
replacement for LiTisO,,. Silver was found to be a suitable quasi-
Feference electrode for routine three-electrode characterization in
nonagueous systems.
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these numbers by at least 50% based on our experiments with the Telecordia Technologies assisted in meeting the publication costs of this
plastic prototype cell discussed above. These values are still comarticle.

petitive with thin film Pb acid technology and are clearly superior to
those of nonaqueous EDLC technology. Improvement in the positive

electrode materials, which exhibit enhanced capacity via increasedi.

capacitance or pseudocapacitance will cause these numbers to im2. . lem.
3. B. E. Canway, V. Briss, and J. Wojtowic, Power Sources6, 1 (1997).

prove considerably.

- . . 4.
We have limited our discussion to nonaqueous systems. Non-g
aqueous electrolytes have a conductivity, which is typically one to &.

two orders of magnitude lower than that of aqueous electrolytes, 7- \ pZi¢ . .
8. J. S. Reed|ntroduction to the Principles of Ceramic Processing 140, John

however, they have a large electrochemical window of stakilit

V Li/Li *). This voltage stability is an asset in the development of o
the next-generation fast-charge high-energy density asymmetric sys.o.
11.

The hybrid cell energy density can be improved through selective!?
use of the appropriate existing and new negative and positive elecys.
trode materials. High specific capacity, low surface area p-dopeds4.

tems.

organoredox positive electrodes hold much promise as the next gen-

voltage intercalation oxides will increase the energy density signifi-

cantly. An example of the improvements that can be ascertained cah’-

be seen with the intercalation compound WQVO, intercalates
lithium at approximately 0.7 V Li/Li.3! A properly balanced asym-

metric hybrid cell was fabricated utilizing an activated carbon posi- 19-
20. J. A. See and J. R. Dahi, Electrochem. Soc147, 892 (2000.

tive electrode and a W{negative electrode. Three-electrode char-
acterization of the cell is shown in Fig. 23. Compared with the three
electrode characterization of the,LisO;,/activated carbon asym-
metric hybrid cell of Fig. 12, the Wgintercalates Li at a voltage

1 V more negative than LTisO,,. This decrease in negative elec- 24,
trode potential results in an asymmetric hybrid cell with an output 25.
voltage of 3 V. Figure 22 compares the output voltage of a 3 V26
nonaqueous EDLC we fabricated using tetraethylammoniatetrafluo,-,
28.
brid, and a WQ@activated hybrid asymmetric hybrid. The use of a 29
WO, negative electrode increases the energy density of the’”
31.

roborate in acetonitrile, a kTisO;/activated carbon asymmetric hy-

Li,TisO;, negative electrode based asymmetric hybrid by 30%.

18.

References

Y. Nishi, H. Azuma, and A. Omaru, U.S. Pat. 4,959,283290.
X. Liu, T. Momma, and T. Osaka&hem. Lett.1996 115(1996.

B. E. ConwayJ. Electrochem. Soc138 1539(1991).

I. Tanahashi, A. Yoshida, and A. Nishind, Electrochem. Soc137, 3052(1990.
A. Nishino,Carbon,132, 57 (1988.

H. von Helmholtz Ann. Phys. (Leipzig)39, 211(1853.

Wiley & Sons, Inc., New York(1988.

B. E. ConwayJ. Electrochem. Soc1,38 539 (1991).

K. Liu and M. Anderson). Electrochem. Soc143 124(1996.

B. E. Conway,). Electrochem. Soc138 1539(1991).

J. Carcone, ilandbook of Batterie2nd ed., D. Linden, Editor, p. 28, McGraw-
Hill, Inc., New York (1994).

http://www.boldertmf.com/

C. Brett and A. BrettElectrochemistry Principles, Methods, and Applicatiops
138, Oxford University Press, Oxford993.

eration positive electrodes. The use of a lower voltage negative elect® 2 M- Tarascon, A. S. Gozdz, C. Schmutz, F. Shokoohi, and P. C. Weiotd,

trode such as transition metal nitrides, conversion oxides, or low;g.

State lonics86-88 49 (1996.

C. Arbizzani, M. Catellani, M. Mastragostino, and C. MingazzHlectrochim.
Acta, 40, 1871(1995.

A. Rudge, |. Raistrick, S. Gottesfeld, and J. P. Ferr&iisctrochim. Acta39, 273
(1994.

R. T. Carlin, H. C. De Long, J. Filler, and P. C. TrulodeElectrochem. Socl41,
L73 (1994.

F. P. McCullough and A. F. Beale, U.S. Pat. 4,865,a3189.

D. W. Murphy, R. J. Cava, S. M. Zahurak, and A. Sant®olid State lonics,

" 0810, 413 (1983.
22.
23. T. Brousse, P. Fragnaud, R. Marchand, D. M. Schleich, O. Bohnke, and K.J/Vest,

K. M. Colbow, J. R. Dahn, and R. R. Haerinly,Power Sources26, 397 (1989.

Power Sources(8, 412(1997).

D. Peramunage and K. M. Abrahain,Electrochem. Soc145, 2615(1998.

D. Peramunage and K. M. Abrahad,Electrochem. Soc145 2609(1998.

A. N. Jansen, A. J. Kahaian, K. D. Kepler, P. A. Nelson, K. Amine, D. W. Dees, D.
R. Vissers, and M. M. Thackeray, Power Sources31-82 902 (1999.

T. Ohzuku, A. Ueda, and N. Yamamotb,Electrochem. Soc142, 1431(1995.
D. Guyomard and J. M. Tarascdplid State lonics§9, 222 (1994.

J. R. Dahn and J. A. Seél, Electrochem. Soc147, 899 (2000.

M. Doyle, J. Newman, A. S. Gozdz, C. N. Schmutz, and J. M. TarascdElec-
trochem. Soc.143 1890(1996.

J. J. Auborn and Y. L. Barberid, Electrochem. Soc134, 638(1987.



