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The local lithium environment in electrochemically lithiated® xerogel, polyaniline/yYOs, and sulfonated polyanilineADg
nanocomposites is probed with solid-stété static and magic angle spinnif@AS) nuclear magnetic resonan@dMR). The

line width from the static NMR spectra reveals differences between the lithium environments in the three materials. The MAS
NMR spectrum of the YO5 parent material in its unreducéds-preparedstate shows the presence of an intrinsic ion-exchange
site that can be populated with "Liby simple exposure to LiCIQin propylene carbonatéPC). Following electrochemical
lithiation, both ion-exchange and intercalated lithium sites are observed. After lithiatiomphs at the ion-exchange site can be
displaced by exposure to NaCJGn PC via a simple ion-exchange process. Both the ion-exchange and intercalated sites are
observed for a sulfonated polyaniline/®; nanocomposite while the polyaniline/@; nanocomposite response is dominated by

the intercalated lithium site. The results show that charge compensation of the intrinsic negatively charged ion-exchange sites in
the V,O5 xerogel by conducting polymers used to form the nanocomposites is important in determining the number and type of
Li* sites available.
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The recent literature contains numerous studies on the applicamaterials, especially with regard toLdiffusion and binding sites.
tion of transition metal oxides as Linsertion hosts in rechargeable A recent X-ray diffraction(XRD) study using atomic pair distribu-
lithium batteries. VOs xerogel is a particularly promising material tjon function analysi¥ showed that the structure of,@ xerogel
v_wth eff|0|e_nt_a+nd rever_5|blg ms_ertlon of I_|t_h|um ions at high poten- ribbons is based on bilayers of single®% layers with square py-
tials S Li/Li~, resulting in hlgh specific capacity a_md enerYy ramidal VG, units in which the vanadium centers in a given layer
density!"> However, lower capacities are typically obtained at high . S . ) .

achieve pseudo-octahedral coordination by interaction with basal

current densities due to slow Ldiffusion within the xerogel. Thus, . . . .
there is a considerable effort to enhance the overdll insertion oxygens in the opposing layer. The questions that remain include the

rate in this and related materials. A substantial improvement in the"@ture of the termination of the bilayer slabs and the number and
overall Li* insertion rate was obtained for a,@s aerogel synthe-  YPes of Li* sites that are present at these termini and between the
sized on sintered nickel fibefsn that case, the rate enhancements bilayer slabs. Understanding the nature of such interfacialsities
were attributed to decreased lithium diffusion distances due to thes even more important when nanostructured cathode materials are
highly textured nature of the material. In another approach, moreused*®?°since they have a higher proportion of interfacial sites than
rapid Li" insertion was obtained by employing a supercritical drying traditional materials.

process to produce aerogel materials with high surface areas and A challenge in working with nanocomposites and nanostructured
short diffusion path length? In addition, Spahet al. synthesized  materials derives from difficulties in obtaining adequate structural
V05 nanotubes to increase the surface dfeBhese structural al-  characterization, especially given that they often lack long-range
terations o!ecrgasg the diffusion Iim!tations and increase charge stog,der. XRD can yield valuable information regarding structural
age resulting in higher power density. changes that occur in the host material during Irisertion?* Un-

Another approach for improving xerogel performance is to pre- fortunately, the poor crystallinity of organic-inorganic hybrid nano-
pare nanocomposites with a conducting polymer incorporated within Y P y y 9 9 y

the xerogel matrix. Previous studies have shown that nanocompo£OMPosites reduces the applicability of this technitjt.In con-

ites formed from O, sol-gel and either polyanilinéPANI)*23 o trast, soll_d-state nuclear_ magnetic res_onafN:MR) can probe the
poly(aniline N-propane sulfonic ac)d (PSPAN* have higher Ioc.al environment (_)f a given species in com_pletely amorphou_s ma-
charge capacity than the xerogel parent material. A highé&riti tgrlals. Therefore., it is an especially attractive tool for t.he highly
sertion rate is achieved in these nanocomposites resulting in indisordered materials that often result from nanocomposite prepara-
creased charge storage capacities compared to the untreatdi@ns. Also, since NMR is specific to a particular nucleus, it can be

xerogel®® Specifically, the intercalation rate increases in PAN@y ~ used to probe the local environment experienced by a specific iso-
due to an enhancement of ‘Limobility. 36 Moreover, decreased tope of that nucleus within a given materfalin the present study,
diffusion path lengths also can improve the overall rate of i- Li NMR spectroscopy is employed to probe the local lithium envi-
sertion into the material. It was shown that the diffusion path lengthronment in O and several nanocomposite materials comprising
is shorter in the PSPANAO; nanocomposite than in)Ds xerogel,  v,0; and various polyaniline derivatives. Specifically, both static

increasing the mass-transport rate and the specific capacity of thg, 4 magic angle spinnin@1AS) "Li NMR spectra are presented for

cathodet* o .
A key issue for understanding the behavior of botjOy xero- V205, PANIV,05, and PSPAN/YO; containing various amounts

gels and nanocomposites incorporating them relates to how the de?f ion-exchanged and electrochemically intercalated. LElectro-
tails of the xerogel structure influences the resulting properties of thehemical data, as well as characterization using a variety of other
techniques(Fourier transform infrared spectroscopy, electrochemi-

cal quartz crystal microbalance, electroacoustic impedancsitu
* Electrochemical Society Active Member. resistance, X-ray diffraction, thermal gravimetric analysis, and dif-
2 E-mail: Buttry@uwyo.edu ferential scanning calorimetryjhave been presented previously for
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V,0s and the PANINOs composité® and for the PSPAN/YOs
composite'® so those data are not reproduced here.

Experimental

V,05-nH,0 was synthesized following a variation of a previ-
ously described sol-gel methbdn which vanadyl trigisopro-
poxide, VCqH,,0, (Geles}, is added to excess water resulting in (B)
spontaneous formation of @5 sol-gel. Nanocomposites of ""‘w
[PANI](3V,05 were produced by adding 0.2 mL of \{B,,0, to a
solution of 120 mL of water and 11.8 103 mL of aniline. Nano-
composites of PSPAN]; 2V,05 were produced by addition of 0.2
mL of VCgH,,0, to 120 mL of an aqueous solution containing 30
mg of N-propane sulfonic acid aniliné. These systems were heated
in a rotary evaporator at 40°C under vacuum 4oh to obtain vis- (A)
cous gels that could be cast on stainless steel electrodes and drie N
The notation used[¢onducting polymel, V,05) to describe the
composition of the nanocomposites gives the number of aniline ' r- T
rings (x) per V,Os formula unit, as previously discuss&d. 200 150 100 50 0 -50

Lithium ions were exchanged with cationic species within the ppm
as-formed Og xerogel via an ion exchange process by immersion
of the xerogel sample into a 1.0 M solution of LiCJ@ propylene  Figure 1. Room teperature MASLi NMR spectra of(A) ion-exchanged
carbonategPC) in an Ar-filled dry box(Vacuum Atmosphergsim- V,0s xerogel andB) electrochemically lithiated ki,V,05 xerogel.
mersion times were typically several hours. Following the ion-
exchange process the samples were immersed in pure PC for two
days to remove extraneous supporting electrolyte, followed by co-
pious rinsing and drying under dynamic vacuum at a temperature of

100°C. . o o . . V,0s xerogel—Figure 1A shows théLi MAS NMR spectrum
Electrochemical lithium ion insertion was accomplished by per- ¢, an a5 formed YO, xerogel sample following exposure to 1.0 M
fc;rmlr;\g plc_)t(e;ntéostatlcmsg(;g eth’e”tf.“e';‘tj V_‘I'_':]h a FGt&GthR'n(lz' LiClO,, rinsing with PC, and drying. Under rapid MAS conditions,
eton Applie eseafr d potentiostat. fil ede ?C rochemical ex- irstorder quadrupole effects, nuclear magnetic dipolar effects, and
periments were performed in an argon-filled glove W¥acuum o Lo onic shift interactions are averaged to Z8@5.The spectrum
Atmosphereps The working electrode was a piece of stainless Steelshows a narrow resonance positioned near 0 ppm along with weak

;nesh(\j/vith Ia g_?ﬁmetrictaldsurlfacte grea of 4Gd'rp)-colafjed tW'lthtPg spinning sidebands corresponding to the satellite transitions at
ormed gels. The coated electrodes were annealed a n -aFu)R = 10 kHz. This peak is in a position typical for ionic lithium.

vacuum oven. Both the reference and auxiliary electrodes Wer(ﬂvage et al. have shown that a small percentage df\sites pro-

lithium metal. The electrolyte used was 1.0 M LiGI@ propylene duced during sol-gel synthesis obWs are charge compensated b
carbonate(PC). Lithium ions were electrochemically inserted by 4 9 gel sy 5 9 P oy
protons: Others have shown that these protons can be ion-

. . Jo
applying potential steps between 1.8 and 3.8/8LLILi ) depend- exchanged for metal cations by simple immersion into a PC solution
ing on the desired amount of intercalation. The lithiated samples

. ; . containing the cation of intere$t?° Thus, we assign this resonance
were rinsed with clean PC to remove the supporting electrolyte fol- Li* in an ion-exchange site at the surface of they ribbons
lowing the electrochemical process. The rinsed samples were placettﬁ) . 9 Y T

Figure 1B shows théi MAS spectrum for an electrochemically

on a high vacuum line where the PC was removed at 100°C under._ | : .
high vacuum. lithiated Liy,V,0s xerogel sample. This spectrum shows both a

Sodium ion was exchanged into electrochemically lithiatg@y  Sharp peak near 0 ppm and a broader, upfield Pefk-af_lp ppm.
xerogel using the same procedure described above forekcept ~ 1N€Se resonances are assigned to ion-exchangedinid interca-
with 1.0 M NaCIQ, rather than LiCIQ. Samples were exposed to lated Li*, respectively, consistent with previous as_,5|gnmé?1f$_| _
the NaCIQ solution for various times to examine the time depen- MAS spin-lattice {T,) relaxation measurements give a relaxation
dence of the exchange process. After rinsing with pure PC and drylime of 115+ 10 ms for the sharper peak. This lifetime is substan-
ing, each sample was examined usihgMAS NMR. tially shorter than that for common lithium salts and lithium in solid

NMR measurements were carried out with a Bruker MSL-400 €lectrolyte interphaséSE|) films, which are typically=1s% As
spectrometer employina 4 mmBruker VT-MAS probe operating at prewou;ly dlscusse.d, th|§ short lifetime shows that this peak does
a’Li frequency of 155.5 MHz. A one-pulse sequence was used, withn©t derive from an impurity phase. The broader peak shifts farther
a pulse length of &s, a recycle delay of 500 nfdue to the shoiT; upfield and broadens with increasing lithiation. It hak, aelaxation
relaxation times and a minimum of 100,000 scans. All nanocom- time of 20+ 2ms, indicating a substantial spin-lattice relaxation
posite samples were run overnight. The samples were removed frorfite compared to that for ionic lithium in simple salts. Paramagnetic
the stainless steel mesh and packed in zirconia rotors with Kel-Fshifts also have been reported for lithium in lithiated crystalline
caps in a glove box to avoid contamination of the air-sensitive lithi- Vanadium oxides® For the xerogel material, this behavior has
ated samples. MAS experiments were performed at a rotor-spinning@en attributed to a dipolar pseudocontact interaction between the
rate (wg) of 10 kHz = 5 Hz. In spite of the lengthy data acquisition Li nuclei and unpaired electrons present 4t \éites. For the static
times for the spectra, a less than ideal signal-to-noise (&) spectra the dependence of fhgrelaxation time was used with Li
observed in the NMR spectra for several of the nanocompositediffusion measuremeritéand previously reported polaron hopping
samples was observed due to the small amount of sample availabktes” to unequivocally demonstrate coupling between the Li nuclei
(0.5-2 mg following electrochemical Li insertion, solvent rinsing, and polarons in the 3Os lattice”® The small response that is ob-
and high vacuum drying. The peaks in the NMR spectra were fit toServed as a shoulder on the upfield side of the ion-exchange peak in
one or two Lorentzians for static and MAS spectra, respectively, toFig. 1A may be due to a small population of intercalated. Li
obtain accurate values for the full width at half maximfwhm) The results of time-dependent ion-exchange experiments in
and chemical shift. which Li* was replaced by Naare summarized in Fig. 2. For these
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Results and Discussion
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Figure 2. Time dependence of ion-exchange in f\f,05 xerogel exposed (A

to 1 M NaClIQ, in PC plotted as the integrated peak rd#dB) as a function
of exposure time in minutes.

I T ! I ¥ T 1
experiments, electrochemically lithiated,®; samples were ex- 1000 500 0 =500 -1000
posed to 1.0 M NaCl@in PC for various times, rinsed with pure
PC, and dried. Then, th&i MAS NMR peak intensities for the ppm
ion-exchanged and intercalated"Léomponents were quantitatively
evaluated for each sample. These data are plotted in the figure as thegure 3. Room temperature statidli NMR spectra of electro-
ratio of the intensity for the ion-exchangedLeomponent to that  chemically lithiated (A) Li; aV,0s5, (B) Li;dPANI]g2V,05, and (C)
for the intercalated Li component as a function of time, where the Li, { PSPAN/g3V,0s.
ratio is used to eliminate the need to compare absolute intensities for
each of the samples. These results show that the ion-exchanged Li
component is much more rapidly replaced by"Nhan the interca-
lated Li*, with a half-life of 12.8 min. The faster ion-exchange rate
shown in Fig. 2 is entirely consistent with the much better aCCGSSimagnetic sites on the doped conducting polymer chains. However,
bility expected for the ion-exchange ‘Lisites compared to the in-  previous solid-state NMR studies of doped polyaniline showed that

tercalation sites. electron spins on the conducting polymer chains did not contribute
Conducting polymer/\Ds nanocomposites—Li static NMR  substantially to the broadening &iC and“N signals®’ This sug-
spectra for Lj V50, Li, 4 PSPAN| &V,0s, and gests that this mechanism probably should not be operative for the
Li, 4 PANI],.4V,0s are shown in Fig. 3. A single broad resonance is “Li spins in the present case. One other possible source of broaden-
observed for all three samples. Satellite transitioh8/@ — =1/2) ing for the nanocomposites f.i- ' dipolar coupling, where the

that are often observed ifLi (I = 3/2) solid-state NMR spectra Protons are those on the conducting polymer chains. Previous XRD
due to the quadrupole interaction are not evident in any of thedata on a[PANI],3V,05 nanocomposite prepared identically to
spectra. This is consistent with previous observations for lithiatedthose studied here indicate that the conducting polymer is not
V,0s xerogel® The fwhm values for the broad resonances are present in the interlayer regid.In contrast, XRD data for a

19, 31, and 40 kHz for LigV,0s, LijdPANI]y3V,05, and [PSPAN 15V2,05 nanocomposite demonstrated intercalation of the
Li, 4 PSPAN4V,0s, respectively. These data show a larger line polymer chains within the interlayer region.The origin of this
width for the nanocomposite materials compared to the xerogel pardifference is not clear. However, the fact that these structurally dif-
ent material at an identical degree of lithiation. However, it should ferent materials give linewidths that track thé*\/population(as the

be noted that the synthetic procedures described in the Experiment@CP suggests strongly that linewidths are dominated by electron-
section lead to reduction of % to V** during the oxidative poly-  nuclear coupling as in ¥0s. Thus, we assign the increased broad-
merization of the aniline monomef$™ This is bome out in the  ening in the nanocomposite samples to stronger interactions between
open-circuit potential$OCP) for the various samples prior to elec- he7) j nuclei and the increased number of Vcenters present in
trochemical lithiation, which are 3.9, 3.8, anq 3.7V for thfe xerogel, these samples compared to the parent xerogel material.
xerogel/PANI, and xerogel/PSPAN materials, respectively. The 7Li MAS NMR tra of the Lil PANIT- » VO, it

lower OCP values for the conducting polymer nanocomposites show ' > WVIR spectra of the L los V205 composite are
that they contain substantial numbers of*Vcenters before any presenteg in Fig. 4 fofA) x = 0.3 and(B) x = 0.7. The spectrum
lithiation is done, meaning that at a given degree of lithiation the @t lIow Li" loading shows only a very small amount of the ion-
nanocomposites contain moré Vcenters than the xerogel parent €Xchange componefininor, narrow peak at 0 ppnand a substan-
material. Thus, electron-nuclear coupling betweerthauclei and tial amount of the intercalated Licomponent(broad, upfield peak
paramagnetic electrons at these reduced vanadium sites is one pod-ca. —20 ppm). For thex = 0.7 case, the ion-exchange compo-
sible origin of the observed line broadening in the nanocompositesnent is almost completely absent and thespectrum is dominated
Another possible source of increased line widths for the nanocomby the broad peak. This is understandable based on the PANI struc-
posites would be dipolar coupling between fhénuclei and para-  ture shown in Scheme I. As is widely known, the doped, conductive



Journal of The Electrochemical Socigtys0 (12) A1718-A1722(2003 Al1721

H H+
N N
/
N N
H+ H

Schemel. (B)

state of PANI is cationic, causing it to function as an anion exchange
material®® Hence, we interpret the lack of a substantial amount of
ion-exchanged Li in these samples as indicating that the anionic,
ion-exchange sites on the ,W@; xerogel ribbons are charge-
compensated by cationic charges from doped PANI chains producec
during synthesis. However, during doping, the insertion of addi- A
tional negative charge as the matrix is reduced creates a requiremer ( )
for additional cationic charge that is filled by ‘Linsertion into the
material, giving rise to the broadened peak that is shifted upfield.
Li MAS NMR spectra of Li[ PSPAN 5 V,05 containing two
different amounts of intercalated Liare shown in Fig. 5. These
spectra clearly show the presence of a considerable amount af Li 260

I T 1
100 0 -100 -200

the ion-exchange sitestrong peak at 0 ppmas well as intercalated
Li* (broader peak ata. —20 ppm). Again, this result can be under-
stood based on the structure for PSPAN that is shown in Scheme 1. ppm

Figure 4. Room temperature MASLi NMR spectra of electrochemically
lithiated Li,[ PANI]y3V,0s5, (A) x = 0.3 and(B) 0.7. A spinning speed of
Mt 10 kHz was used for both samples.
SOy SO;

with pendent sulfonate groups on the polymer. For nanocomposites
N N comprised of both YO5 and PANI, the ion-exchanged Licompo-
" nent is almost entirely absent. The results for the nanocomposites
Nt are consistent with the charge compensation expected based on the
¥ h structures of the two conducting polymers, and on previous results
for similar materials>3® These results show that the notions of
self-doping for conducting polymers can be equally well applied to

nanocomposites. They also show the power of solid-state NMR
sG SC; when used for descriptive studies in such materials.

Schemell.

PSPAN is a self-doped conducting polymer, meaning that it pos-

sesses pendent anionic groups that can provide charge compensatis

during doping of the polyaniline-like groups in the main chains.

Previous work with a related, partially sulfonated polyaniline de-

rivative has demonstrated that a major fraction of the charge com-

pensation during doping is achieved by cation transpioFhus, one (B)
expects that a PSPANADs nanocomposite should contain*Lito

provide charge compensation both for the anionic sites on §ia V

ribbons and for the pendent sulfonate groups on the PSPAN chains

The strong signal observed at 0 ppm for thg[ BiSPANy 3 V505

samples provides good evidence for this. Interestingly, the relative

increase in the spectral intensity for'Lin the ion-exchange site for

thex = 0.7 case suggests that at least some of the charge comper

sation during doping is achieved viaLassociation with the pen-

dent sulfonate groups, as expected for a self-doped material like (A)
PSPAN.

Conclusions

This study has demonstrated that lis present in ion-exchange r v T - T - T d 1
sites in both JOg xerogels and in nanocomposites formed from 200 100 0 -100 -200
V,05 and PSPAN. For the unlithiated parent xerogel, this ion- m
exchanged Li is coupled via dipolar interactions with paramagnets PP
that are most likely ¥* centers produced during the sol-gel drying igyre 5. Room temperature MASLI NMR spectra of electrochemically
process. For the PSPAN/YOs material, the ion-exchanged L1i jithiated Lif PSPAN,2V,0s, (A) x = 0.3 and(B) 0.7. A spinning speed of
may be associated either with anionic sites on th®a/ibbons or 10 kHz was used for both samples.
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