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A self-organizing, nanocomposite electrd@®ONE)system was developed as a model lithium alloy-based anode for rechargeable
lithium batteries.In situ X-ray adsorption spectroscopy, galvanostatic testing, cyclic voltammetry, X-ray diffraction, and trans-
mission electron microscopy were used to analyze the electrode, which was fabricated from a polyethylene oxide-based block
copolymer, single-walled carbon nanotubes, and gold salt. Processing involved a single mixing step without need of a reducing
agent. It was found that thermodynamic self-assembly of the block copolymer could provide a template for incorporation of both
the gold salt and nanotubes. Electrochemical testing and subsequent analysis showed that owing to the small particle size and the
surrounding block copolymer matrix, the SONE system could cycle over 600 cycles with rates varying between C/1.8 and 8.8C
with little evidence of decrepitation or coarsening.

© 2002 The Electrochemical SocietyDOI: 10.1149/1.1518482All rights reserved.

Manuscript submitted February 6, 2002; revised manuscript received June 13, 2002. Available electronically October 31, 2002.

Background precursors in supercritical GOfluid, which preferentially swelled

In the context of rechargeable lithium batteries, the search forone of the block componenf§. . o
high capacity anodes that avoid the safety concerns associated with Others have created arrays of inorganic nanostructures using ei-
pure Li metal while offering higher specific capacities than graphite ther “track-etch” polymeric membranes or porous alumina mem-
has led to intense interest in lithium-alloying metifSWhile some ~ branes as templates, rather than block copolyrffeféMartin and
lithium alloys such as Li-Sn have high theoretical capacitie§90  co-workers showed that the membrane-based approach could be
mAh/g), general problems remain, including decrepitatimncrum- used to form micro- and nanoscale “brush” electrodes for lithium
bling) due to volume excursions, subsequent capacity fade with deer?‘tte”es- Their work demonstrated the ability to fill such templates
cycling® kinetic limitations with lithium diffusion in alloy$, the ~ With metals, carbon, or oxides through a variety of approaches, in-
need for elevated temperatures in alloying bulk samptesd irre- cluding sql-gel processing, el_gftrodeposmon, electroless plating,
versible capacity los®.Strategies to counter these problems have &1d chemical vapor depositidi:
included reducing diffusion distances via use of nanoscale par- Attention to nanoscalar approaches for electrodes has also been
ticles? adding dispersive medige.g., composite oxides§, par- extended to carbon-based anodes, including recent work using car-
tial reduction’’ employing ternary intermetallic compounds bon nan_otubes as energy storage matefr .Smalleyet ‘."‘I‘ re-
(Li,MM"),22 and using conversion reactiohsigh surface area ported single-walled carbon nanotuld@®WNTs)with reversible Li

X ) . 1

nanoscalar materials have received considerable attention as lithiuf2P2ciies O.f roughly 460 mAN/g (144Ce), while thu et al. dem-

alloy electrodes, partly due to their ability to enhance capacity, de-0nStrated Li Car%aﬂtﬁs of 1000 mAh/g gliLe) following postsyn-

lay cycling failure, and increase the chemical reactivity for H1ESIS treatment.”""“These large capacities are offset somewhat,

alloying 71317 howe\_/er, by the high processing cost of _SWNTs _compared to that of
graphite, as well as significant initial, irreversible capacity loss.

é:oupling the templating capabilities of block copolymers with metal

- . alts and nanotubes to form hybrid systems could help reduce the

lithium alloy-based anodes. In some cases, polymers can provide 8ost burden of nanotubes while endowing the anode with favorable

useful template from which to access chemical or physical Proper-yactrochemical and processing features.

ties that are scale dependent or morphologically influenced. Nanos- In this work, we investigate an anode comprising nanoscale
cale templating of inorganic phases using block copolymers has Pefithium-alloying Ymetal particles, SWNTs and a Li-ion conducting '
viously been employed in fabricating novel magnetic, electronic, py)5ck copolymerBC) as an example of a self-organizing nanocom-
and optical materialg."z""’.Cohen and co-workers first synthesized hosite electrodéSONE). We demonstrate the utility of BCs as tem-
metal nanoclusters in microphase-separated diblock copolymers byjates for forming nanostructured materials with electrochemical
using organometallic complexes covalently incorporated into onefynctionality. Used as structure-directing agents, BCs can be de-
block component??° Later, this group extended their work to de- sjgned to disperse and localize the electrode components within spe-
velop more universal reactor schemes for synthesizing metakific domains. The templating ability of BCs obviates the need for
nanophases in preferred block copolymer dom&iféSpatzet al.  preliminary nanoparticle synthesis, subsequent reduction agents, or
exploited the self-assembly of polystyrebepoly(ethylene oxide)  multiple mixing steps in fabricating nanoscale composite electrodes
micelles to form ordered arrays of gold nanoclusters that were refor rechargeable lithium batteries.
duced from LiAuC}.?% The Au cluster size was found to be con- The use of a block copolymer matrix to obtain improved electro-
trollable by varying the ratio of gold salt to ethylene oxide units. chemical performance is also evaluated. Thomas and Newman sug-
More recently, Brown and Watkins demonstrated selective metalli-gest that to mitigate capacity fade in alloy electrodes, the design
zation of diblock copolymers via the reduction of organometallic must involve little volume change or provide a driving force to keep
particles together during contraction, must prevent resistive layers
from forming during alloy expansion and contraction, and must in-
+ Electrochemical Society Student Member hibit agglomeration of particles:** Electrochemically, BCs may
** Electrochemical Society Active Member. help render the electrode less susceptible to solid electrolyte inter-
2 E-mail: dsadoway@mit.edu phase(SEIl) formation at low potentials while inhibiting agglomera-
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CH3 CHS the Li* conducting POEM blockii) the SWNTs also contact
| POEM, and(iii) the SWNTs supply electrons to the gold. Elemental
H3C— -CHz— (CH CH.O }—H analysis(Quantitative Technologies, Incof the nanotubes revealed
2~ h ¢ resi & i, 0
M e presence of residual catalytic impurities of @6 wt %)and
CH; CHj Ni (0.25 wt %) used in the SWNT synthesté.Subsequent mass

balance calculations and cyclic voltamme(i@V) measurements
Figure 1. Structure of Triton X-100 surfactant used to disperse the SWNTs confirmed that the electrochemical contributions from these impuri-
in water.N ~ 9.5. ties were negligible.
Cells were fabricated in an argon-filled glove box with the SONE
serving effectively as the cathode against an excess of Li metal

: . . : Alfa-Aesar, 30 mil thicknegs Liquid electrolyte(1 M LiPFg in
tion of metal particles, thereby averting large volume excursmns.( o e 6
The BC matrix was also envisioned as an elastic binder, sequeste?—thylene carbonate: dimethyl carbonate, 1:1; EM Scienes used

ing Au particles with the SWNTSs, and absorbing their expansion andWith a separato(CeIgard 2300,_Ce|ga_1rd, Ing., Charlotte, N(Ce_lls
contraction without matrix fracture. were subjected to galvanostatic testing using a Maccor Series 4000

The block copolymer polymethyl)methacrylate-b- automated test system, with voltage limits of O and 2.5 V and cur-

poly(oxyethylene) methacrylate, PMMAB-POEM, was used to rgnts of 5(_)-80Q_¢A, always at identical instant rates of charge and
provide dimensional stability to the composite anode and establisiflischarge ic = ig). _ _ )
ionic and electronic contact between a metal dispersion of Au nano-  T0 confirm the reduction and alloying processes involved, CV
particles generateth situ, carbon nanotubes, and a liquid electro- Was performed on working electrodes of pure metallic Au and of
lyte. While the BC used here played multiple roles as a template SWNTs with lithium metal serving as counter and reference elec-
binder, and ionic conductor, lithium-salt-doped BCs have also beerirodes. All CV test cells were constructed in an argon-filled glove
applied for use as solid polymer electrolytes in rechargeable lithiumbox, sealed, and tested outside at ambient temperature using a So-
batteries'>°C Ultimately, such electrolytes could be employed with lartron 1286 electrochemical interfa¢Bolartron Analytical, Hous-
SONEs of the type studied here, providing a seamless interface bgon, TX) controlled by Corrware/CorrviewScribner Associates,
tween battery components. Inc., Southern Pines, NCThe SWNTs were scanned in a potential
Gold was selected as the alloying component for this model syswindow of 0.0 to 3.0 V at scan rates from 0.5 to 10 m\:.sFor the
tem owing to its nobility(inability to form an oxide surface filln  Au working electrode, several potential windows between 0.0 and
and its ability to alloy with lithium (Li7sAu).%! Incorporation of 7.0 V were analyzed at 200 mV $to verify the alloying process.
gold particles into the ionically conducting block copolymer do-  Wide-angle X-ray scatteringVAXS) and peak-breadth determi-
mains occurs durindgn situ metallothermic reduction of a gold- nation were performed on early-cycled and postcycled samples to
bearing salt. SWNTs were utilized to electronically connect or evaluate Au crystallite sizes, using a rotating anode X-ray powder
“wire” the gold dispersion to the external circuit. The resulting an- diffractometer(Rigaku Corp., Tokyo, Japamnd JADE 6 analysis
odes exhibited no evidence of decrepitation or coarsening and demsoftware(Materials Data, Inc., Livermore, QADiffraction patterns
onstrated excellent resistance to capacity fade when cycled at higivere obtained using Cu K radiation and rotating the SONE
current densities. samples by an angle and the detector by 26Bfagg-Bretano dif-
) fraction). Transmission electron microscoffyEM) was performed
Experimental on solvent cast films of PMMA-POEM doped with Au salt using a
The SONE was prepared by solvent casting a suspension of EOL 200CX in bright-field mode operating at 200 keV.
PMMA-b-POEM (58.1 wt %), polyethylene glycol dimethyl ether In situ X-ray absorption spectroscogXAS) was used to inves-
(PEGDME, 17.4 wt %,M, = 430 g/mol, Polysciencgs SWNTs tigate the reduction and_ alloying process over the first digcharge of
(10 wt %, obtained courtesy of Rice Universjtand LIAuCl,-xH,O the cell. The XAS experiments were conducted on beamline X-11A
(14.5 wt %, 99.99% purity on a metals basis, Alfa A@sasing of the National Synchrotron Light Sourd®&lSLS) at Brookhaven
tetrahydrofuran THF) as the solvent. Synthesis of the BC used in National Laboratory with the electron storage ring operating at an
this study has previously been descrifédhe PMMA-b-POEM  energy of 2.8 GeV and a current in the range 110-250%n@pectra
copolymer was 49:51v/v) in composition and had a number aver- 0f the Au Ls-edge(11919 eV)were collected in transmission mode
age molecular weighM,,, of 77,200 g/mol. The BC and PEGDME at room temperature using a(8L1) double-crystal monochromator
were dissolved in THF followed by the introduction of the Au salt. (detuned by 15%). The X-ray intensities were monitored using ion-
To this mixture, SWNTSs in the form of a water suspension were ization chambers filled with a flowing mixture of nitrogen )N\and
added and stirred for approximately 2 h. Part of the mixture was casergon(Ar) gases. The mixing ratio for the two gases was adjusted to
onto a glass plate and allowed to air dry, followed by further drying yield 20% absorption for the incident beam and 60% absorption for
in a vacuum oven at 80°C for 48 h. The dried film was transferred tothe transmitted beam. Data were collected with energy intervals per
an argon-filled glove box and peeled off its substrate. The film wasstep of 5 eV for the pre-edge regioh1618-11888 eV), 0.5 eV for
sectioned into electrodes, approximately 1 mg in weight and 02 cmthe edge regior{11888-11968 eV), and k-space interval of 0.05
in area. A~ for the remainder of the spectrum. Each spectrum extended to
SWNTs self-assemble into bundles of approximately 10-50 nm13021 eV for then situ electrode data and 13448 eV for the Au foil
in diam, which consist of approximately 30-600 individual tubes, data. Integration intervals per point were set to 1 second for the
each 1.4 nm in diam. Prior to their receipt, processing of the nano{pre-edge and edge regions and 2 s for the postedge region. A delay
tubes involved coating post acid-treated bundles with the surfactantime of 0.3 s was used between successive data points in order for
Triton X-100 (Fig. 1), an octylphenol ethylene oxide condensate the monochromator to equilibrate at each point. The energy of the
with a hydrophobic head that adsorbs on the nanotube surface andrmaonochromator was calibrated using @i thick Au foil with the
hydrophilic (EQOY), tail that facilitates their dispersion in wat&rin edge energy of 11918 eV assigned to the inflection point of the main
the fabrication of the nanocomposite electrode, the presence of thisdge. Thein situ spectra for the electrode were collected simulta-
surfactant coating provides a mechanism to corral the nanotubes intoeously with the spectrum for the Au foil to continuously monitor
the POEM block domains in contact with the gold SAft3 This  the energy calibration of the monochromator. In this case, the inten-
preferential localization is expected since the SWNT surfactantsity of the transmitted beam through the reference Au foil was mea-
chemistry is close to that of the polar POEM component. Indirectsured using a third ion chamber containing the same mixture as that
evidence for such localization is also given by the electrochemicalused for monitoring the transmitted beam through the electrochemi-
activity of the SWNTs and Au, implying thdt) the gold resides in  cal cell. Each spectrum required an acquisition time of(f2t the
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Figure 2. TEM image of microphase-separated PMMWAPOEM after ad-
dition of 20 wt % LiAuCl,. Localization of this Au salt to the POEM Radial Distance (A)
componentdark regions)provides contrast between the block domains.

Figure 3. Phase uncorrected Fourier transformsdfveightedin situ EX-
AFS data of LiAuC} reduction and subsequent alloying with increasing
electrode)and 24(for the Au foil) minutes. The Au L-edge jumps  discharge time along with that for metallic Au over tkespace range 3.0-
are 0.81(for the electrodepnd 1.08(for the Au foil). The EXAFS  14.0 A! and a Hanning window of 0.5 &. Note that distances in these
(extended X-ray absorption fine structuspectrumy(k), was ex- Fourier transforms are shifted by roughty0.2 A from the actual distances.
tracted using a cubic spline procedure, which minimized the ampli-
tude of nonphysical peaks in the 0-1 A region of the Fourier

transform>>°® The photoelectron wavenumbeée, was defined by  jncreases, signaling the formation of metallic gold. This latter peak
assigning the inflection point as the zero of the photoelectron energyteaches a maximum and then decreases with further discharge, ap-
The spectra were normalized to a per atom basis using the absor@;arenﬂy due to the onset of Au-Li alloying. We conclude that me-
tion edge jump at 100 eV above the edge energy. Energy dependeiljic gold is being produced by reaction between the LiAugid

normalization was also applied to thgk) data using the atomic |itiym metal generated by faradaic reduction of LThe reduction
absorption calculated with McMaster coefficiefits. of the gold salt shown by the EXAFS data also suggests that the
SWNTs are in intimate electronic contact with the salt-doped POEM
N ) domains and thus serve as electron carriers. The localization of the
The ability of the block copolymer to template the alloying metal Ay within the POEM domaingFig. 2), in conjunction with the
component of the nanocomposite electrode is demonstrated ipreference of the Triton-coated SWNTSs for the hydrophilic POEM
Fig. 2, which shows a bright field TEM image of PMMAPOEM  pjock, support the conclusion that the active electrode components
doped with LIAUC}, (~20 wt %). As shown in a previous investi- self-assemble in the ion-conducting domains of the block
gation, incorporation of a lithium salt induces microphase separatiorcopolymer??>2
of the otherwise miscible PMMA and POEM block componéfits. The galvanostatic testing and resulting voltage profiles are con-
In Fig. 2, contrast between the microphase-separated block domainsistent with the EXAFS results above, which suggest Li-Au alloy-
arises from localization of the electron-dense Au salt to the POEMing. Long-term cycling of the SONE system between 0.0 and 2.5 V
domains(darker regions). Extended exposure to high energy elecat several current rates illustrates the reversibility of the alloying
trons in the TEM causes the LiAugto be reducedn situ, leaving reaction(Fig. 4). An initial large drop in capacity was attributed to
discrete nanometer-scale particles dispersed through the POEM dahke reduction of the Au salt and the irreversible capacity loss asso-
mains of the block copolyméf The morphology of the salt- ciated with the high surface area SWNdnitial cycling was per-
containing block copolymer in Fig. 2 appears to be a bicontinuousformed at 50pnA (43.5 mA/g electrodeand increased stepwise to
gyroid structure?® Addition of other components to the block co- 800 A (696 mA/g electrodeby the 210th cycle. The discharge and
polymer, including SWNTs, PEGDME, and liquid electrolyte might charge rates were subsequently lowered to the original values and
be expected to shift the equilibrium morphology to one of higher finally to 25 wA after 520 cycles. The cell shows good cyclability
effective POEM content, preserving the continuity of the POEM and high rate capability up to 700 cycles, with the onset of signifi-
domains’®® while thein situ morphology was not ascertained in cant capacity fade after600 cycles. After 720 cycles, cycling was
this investigation, the electrochemical data provides indirect evi-stopped and the cell disassembled in an argon-filled glove box for
dence that a continuous structure is indeed present, with the POENost mortem analysis.
block domains serving as pathways for ionic conduction through the  Wide-angle X-ray scattering was performed to assess Au crystal-
electrode. Addition of the surfactant-coated carbon nanotubes to théite size in the SONE sample that had been cycled 720 times and
BC/salt provides a mechanism for thie situ reduction of the  another cycled only four times. Both samples were stopped in the
LiAuCl, salt upon electrochemical cycling. fully charged state, in which the samples are completely dealloyed,
Confirmation of Au salt reduction on cycling was obtained via in order to access evidence of coarsening or deterioration of the Au
XAS performedn situ during the initial discharge of the cell. Figure crystal structure under the deep cycling conditions. X-ray diffraction
3 shows that, upon initial discharge, the amplitude of the Au-Cl peak(XRD) patterns for both samples, shown in Fig. 5, reveal seven
at ~1.9 A rapidly diminishes while the Au-Au peak at2.75 A peaks attributed to Au. Rietveld refinements and subsequent crystal-

Results and Discussion
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lite size determination using peak-breadth measurements revealed ) ) ) i .
average crystallite sizes of 30-35 nm for both sampliesited and Figure 6. Differential cgpacny plots of the first, third, and 50th_ cyclég_ (
fully cycled), suggesting that the Au particles remain confined to the= !¢ = S0rA). The discharge sweefbottom) represents alloying while
nanoscale POEM domains of the block copolymer, and that coarst"® charge sweefiop) represents dealloying. The four peaks in the charge
ening of the Au particles upon cycling was minimal. WAXS analysis sweep are aS.SOC'atémom I.e ft to right) with th.e phase tr.anSformat'ons from
: - - . Auyliys, Auliz, 8;(~AuLi,), andB (~AulLi), respectively. Peaks below

reveals somewhat d.lfferent Peak intensity ratios for SONE sample%'5 V on discharge are partially cropped because of scaling and large hys-
cycled 4 and 720 times, with,q41/1,99= 3.05 and 2.25, respec- ieresis from SWNTS.
tively. For both samplesl|11/1590 is higher than the referenced
value of 1.92, suggesting that the nanoparticles grow in a preferred
orientation. The mechanism responsible for this orientation can only o o ]
be speculated at this point. the removal of Ilthlurm_may be more I_<|net|cally facile than the

Differential capacity plots were used to analyze the cycling char-discharge procesgalloying) upon reaching the latter two phases
acteristics of the electrode. Figure 6 reveals the presence of sever&fulLiz and Auli;s).
discharge and charge plategobserved as peakspresenting two- Calculation of the volume expansion of the Au upon Li alloying
phase regions during lithium alloying. The charging peaks located atequires estimation using the Au-Li phase diagram, accounting for
approximately 0.18, 0.48, 0.74, and 1.15 V are believed to be asscthe structure, lattice parameters, and atomic arrangement of Au and
ciated with dealloying of the AjLi;s, AuLis, 5, (~AuLis), andp Li atoms®**At high temperatures in the phase(a distorted face-
(~AuLi) phases, respectively.The scale has been resized to em- centered cubic structurethe .Iattlce parameter changes from 4.079
phasize the lithium alloying peaks relative to the SWNT back- (Au) to 3.968(39.2 atom % Li), representing an overall 22% volume
ground. The large electrochemical background contributed from theeXpansion upon traversing the entire phase. One might expect a
SWNTs was also studiettiscussed belowand is not correlated ~COmparable volume change at room temperature across this range of
with the observed peaks, which were attributed to reversible Au-Licomposition, although the precise value will depend on the adopted
alloying. Upon discharge, only the corresponding peaks associategtructure. For the3’ phase(~55 atom % Li) exhibiting a CsClI
with the onset of theg, 5;, and AuLiys phases are initially ob-  Structure, Kienast and Verma reported a density of 10.10 giem
served. By the 50th discharge cycle, only the first two dischargeThis translates to a doubling of the initial nanoparticle volume in the
peaks are observé@ ands,) while all four peaks remain evident in  nanocomposite anod.Small particle sizes, together with a matrix
the corresponding charge cycle, albeit depre<gégl 8). This sug-  that prevents agglomeration, appear instrumental in allowing such

gests that traversing the phase diagram in the charge dirgcgion large volume gxcursions to occur without ir_nmediate capacity fade.
For comparison, an electrode incorporating bulk Au powder, car-

bon black, and polvinylidene fluoride as binder was prepared and
run under similar galvanostatic conditions. Cells were cycled ap-
proximately 100 times before significant capacity fade was ob-
served. Differential plots of these cellsot shown)also revealed
voltage plateaus corresponding with the onset oftfie AuLi) and

8, phases. The peaks associated with onset of the AulLi
A A . and Auy,lLi, 5 phases were not observed, presumably due to transport
limitations in these bulk powders under the chosen test conditions.
Independent cyclic voltammetry performed on a gold working elec-

trode of 2.3 mm against lithium counter and reference electrodes

revealed a single peak in the anodic sweep close to the 1.1 V peak
observed for the SONE system. Obtaining the additional alloying
peaks in the Au working electrode, however, required initially re-
N Gol syn pu freshing the surface of Au via electrochemical deplating at high
s g 3 potentials(greater thant+-4.0 V). Considering the practical voltage
“ % & " Theta) ENT ol T limits used for galvanostatic testing of the SONE syst@no 2.5
V), the Au particle surface in the system could be assumed to consist
Figure 5. Wide-angle X-ray diffraction patterns of SONE samples cycled 4 Of & SEI layer which develops with alloyirti.The decrease in the

times (top) and 720 timegbottom). Peak fits reveal an average crystallite peaks attributed to th&;, AuLis, and AuyLi,;s phases with cycling
size of 30-35 nm in each case. in the SONE system might also be explained by a similar passivat-

Relative Intensity
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Calculating the peak areas at the lower C/1.8 current rate attrib-
utable to gold-lithium alloying for the 50th cycle and comparing this
to the total capacity shows that the gold contributes roughly 15% of
the total capacity in the electrode, mainly due to the low metal
loading. Based on the weight and capacity of the microelectrode,
this corresponds to roughly 314 mAh/g Au contribution, or on av-
erage~2.3 Li per Au atom. This value correlates well with data
showing one full@ peak after several hundred cycles and three
additional but depressed pealks, (AuLis,Auyliys). The presence
of the alloying process after several hundred cycles without loss of
capacity suggests that the gold particles are not suffering from de-
crepitation problems and that the SWNTs serve to electronically
wire the particles.

-0.04 T
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—.0.08 |

-0.12

-0.16 LAAAi\AJA,..J\iwll‘\\\\%\\\\i\\\\
0.0 0.5 1.0 1.5 20 25 3.0
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Figure 7. CV plot of SWNTSs, eighth cycle, 0.5 mV/s.

Conclusion

In this study, a self-organizing nanocomposite electrode was pre-
pared as a model anode for rechargeable lithium batteries that incor-
porated SWNTs and Au particles as active electrode materials in an

ing layer that restricts further lithiation and phase transformation. ion-conducting block copolymer binder. The choice of a block co-

The large background hysteresis observed in the differential plopolymer electrolyte as a matrix and template was rationalized as an
of the SONE system was resolved by CV on the SWNTs. A free-approach to increase the cell’s longevity by decreasing coarsening
standing film of SWNTs was prepared by solvent casting and overproblems associated with traditional bulk composite electrodes
and vacuum drying nanotubes dispersed in water. Tests were pethrough the confinement of metal particles and nanotubes to the
formed by immersing part of the SWNT film in the same liquid ion-conducting block domains. This control over morphology on the
electrolyte as that used for the SONE system. The eighth scan isanometer scale allows tailoring of the macroscopic mechanical and
displayed in Fig. 7, showing the absence of current peaks associateglectrical properties, providing sufficient electronic and ionic con-
with voltage plateaus. The lack of well-defined interstitial sites hasductivity while maintaining intimate contact between the SWNTs
been used to explain this wide potential range for intercalation andand Au®?>3
deintercalatior?® Previous literature has also confirmed large irre- Future designs of electrode systems exploiting the concept of
versible losses for SWNTs, ranging from 660 to 1200 mAh/g, de- self-organization will require increased metal loading while main-
pending on their prior treatmeft.The CV curve in Fig. 7 overlays  taining processing ease. Given sufficient percolation of metallic
well with the differential capacity plot in Fig. 6 and explains the nanoparticles, adequate electronic conductivity could be obtained
hysteresis observed in the capacity. Contributions from the residuathrough direct contact or tunneling, eliminating the need for carbon.
traces of Ni/Co catalysté~0.5 wt % of the SWNTsused to syn-  Alternately, strategies that form continuous inorganic nanophases
thesize the SWNTs were undetectable in the voltammetric tracesthrough use of BC templates might simultaneously address this dual
CV was also performed on the BC and showed no electrochemicathallenge???42yielding high capacity electrodes able to withstand
capacity for the voltage limits used heréfn. high rates while retaining the cyclability observed herein.

Figure 8 overlays the 50th and 520th cycles of the SONE, dem-
onstrating the reversible nature of the system after extended cycling Acknowledgments

at high current rates. Th@ charge and discharge peaks remain  Thjs work was sponsored by the Office of Naval Research under
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