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The electrochemical and structural aspects of lithium insertion into vanadium oxide nanotubes have
been studied. Structural changes, induced as lithium was inserted between the vanadium oxide layers,
were followed by in situ synchrotron X-ray diffraction recorded during potential steps. Two separate
processes were identified: a fast decrease of the interlayer distance followed by a slow two-dimensional
relaxation of the intralayer vanadium oxide structure. The nanotubes were synthesized using crystalline
V,0s as a precursor, instead of the normally used vanadium alkoxide, which produced a more cost-
effective material with similar performance. Electrochemical measurements showed that surface processes,
i.e., charge transfer and/or ohmic drop, were rate-controlling, as can be anticipated for the thin layer
electrochemical conditions used in this study.

1. Introduction the curved shape of the vanadium oxide layers. Therefore,

N ial d thei ol licati . the notation VQis hereafter used for the nanotubes. A single
anomaterials and their possible applications constitute a;, ,q may contain up to 30 vanadium oxide layers, giving an

rapidly growing research field. Among the different geo- outer diameter of up to 100 nm, and the tubes can reach
metric morphologies available, nanotubes and nanorods haveloﬂm in lengh, depending on the synthesis conditions
attracted attention due to their anisotropic morphologies and Nanotubular'vanadium oxide has been the subjec:c of
ab.”'t'es to host other materlq’rsRedox ac_tlve vanadium investigations in many areas including electronic propeftfies,
oxide (VQ,) nanotubes were first synthesized by Spahr et optical propertied® 12 and synthesié’1*® For battery

2 i ! )
al. us\lyg ad_soirge:kme_(tjhod, followedd by a hydrothermar:_l applications, nanostructured materials can increase the
step. Vanadium alkoxide was Used as a precursor wi "€ herformance of both cathodes and and8é&Successful use
primary amines were emp!oyed as structure-directing agents. ¢ VO, nanotubes as electrode material has been reported
Later, a low-cost synth%scljs route based q©yor VOCly for Mn-exchanged nanotubes, which could be charged and
precursors Wf”‘s pregent ' ) ) discharged reversibly, giving capacities of 140 (mA K}/g.

The vanadium OX|deswaIIs can be described as built up \o-goped tubes initially showed high capacities, close to
by flexible ;016 layers?}* separated by templating molecules g (MA h)/g, but the capacity decreased te-800 (mA
or ions, and the distance between the layers depends on th@,)/g after 50 cycle Sun et aP3 explored disordered VO
structure-directing agefitA primary amine, dodecylamine,
is normally used for the synthesis of the tubes. Alkali and (g) Enyashin, A. N.; vanovskaya, V. V.; Makurin, Y. N.; lvanovskii, A.
transition metal ions, for example, NeC&*t, Co?t, and N, L. Phys. Lett. A2004 326, 152. . _ . _
can then replace the amine by an ion-exchange reattion. © E,’;ﬁ%ﬁgﬁl AN gﬁgg‘_’%‘ﬁ;’g Xét\éao'\iagggnégé_'\‘"V°|k°"’ V-Li
However, if the embedded guests are completely removed,(10) Cao, J.; Choi, J.; Musfeldt, J. L.; Lutta, S.; Whitiingham, MC&em.
the structure collapses. Important to note is thaDy is 1) %ifg;g?oé.lgzgﬁR_. Nesper, R.; DiMaio, J.; Xu, J. F.; Ballato, J.;
the ideal stoichiometry. The composition of the nanotubes *~  carroll, D. L.J. Nanosci. Nanotechna2004 4, 260. o

most likely differs from this due to defects originating from (12) Xu, J. F.; Czerw, R.; Webster, S.; Carroll, D. L.; Ballato, J.; Nesper,
R. Appl. Phys. Lett2002 81, 1711.

(13) Chen, W.; Peng, J.; Mai, L.; Zhu, Q.; Xu, Qlater. Lett.2004 58,

* To whom correspondence should be addressed. TelephtAé: 18 471 2275.
3713. Fax: +46 18 513548. E-mail: kristina.edstrom@mkem.uu.se. (14) Chandrappa, G. T.; Steunou, N.; Cassaignon, S.; Bauvais, C.; Biswas,
(1) Patzke, G. R.; Krumeich, F.; Nesper,AQgew. Chem., Int. EQ002 P. K.; Livage, JJ. Sol-Gel Sci. TechnoR003 26, 593.
41, 2446. (15) Chandrappa, G. T.; Steunou, N.; Cassaignon, S.; Bauvais, C.; Livage,
(2) Spahr, M. E.; Bitterli, P.; Nesper, R.; Mer, M.; Krumeich, F.; Nissen, J. Catal. Today2003 78, 85.
H. U. Angew. Chem., Int. EA.998 37, 1263. (16) Mai, L.; Chen, W.; Xu, Q.; Zhu, Q.; Han, C.; Peng,Sblid State
(3) Niederberger, M.; Muhr, H.-J.; Krumeich, F.; Bieri, F.;'@ber, D.; Commun2003 126, 541.
Nesper, RChem. Mater200Q 12, 1995. (17) Chen, X.; Sun, X.; Li, Ylnorg. Chem 2002 41, 4524.
(4) Petkov, V.; Savalij, P. Y.; Lutta, S.; Whittingham, M. S.; Parvanov, (18) Bieri, F.; Krumeich, F.; Muhr, H.-J.; Nesper, Relv. Chim. Acta
V.; Shastri, SPhys. Re. B 2004 69. 2001 84, 3015.
(5) Warle, M.; Krumeich, F.; Bieri, F.; Muhr, H. J.; Nesper, R. Anorg. (19) Li, N.; Martin, C. R.; Scrosati, BJ. Power Source2001, 97—98,
Allg. Chem.2002 628 2778. 240.
(6) Krumeich, F.; Muhr, H.-J.; Niderberger, M.; Bieri, F.; Schnyder, B.; (20) Poizot, P.; Laurelle, S.; Grugeon, S.; Dupunt, L.; Tarascon, J.-M.
Nesper, RJ. Am. Chem. S0d.999 121, 8324. Nature 200Q 407, 496.
(7) Reinoso, J. M.; Muhr, H.-J.; Krumeich, F.; Bieri, F.; NesperHglv. (21) Dobley, A.; Ngala, K.; Shoufeng, T.; Zavalij, P. Y.; Whittingham,
Chim. Acta200Q 83, 1724. M. S. Chem. Mater2001, 13, 4382.
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nanotubes and found that defect-rich tubes performed betterstructure-directing agent. The amine and th©®ypowder, in the
than well-ordered tubes in a lithium battery. The positive molar ratio 1:1, were dissolved in ethanol under an inert atmosphere
effect was assigned to cracks in the tube walls and residualand mixed for 2 h. Water was then added and the resulting gel was
organic surfactant between the layers, favoring lithium 29€d for 24 h. After aging, the product was transferred to an
diffusion. We have previously shown that Y@anotubes autoclave and kept at 18 for 7 days. The synthesis resulted in
ion-exch.anged with Na K+, or C&*, can be used in a Li,- a black powder, consisting of \ianorolls, which was washed

batt idi iti ble 1o th f oth in ethanol and dried at 88C overnight.
attery providing capacities comparable 1o (hose of oIher — r,q 54, exchange was performed as described by Krumeich et

i ,25 i i . A

e!?ctrode njaterlalg‘. In the latter stuQIes, vanadlum al.f using CaCl-2H,0 (J. T. Baker Chemical Co.). The salt was
triisopropoxide was used as a precursor in the synthesis. INgjssolved in a 4:1 (by volume) mixture of ethanol and water. The
the present study, the synthesis of the nanotubes was basedo, tubes were then added so that the molar ratio of the salt to
on V.05, which gives a more cost-effective electrode nanotubes was 4:1. The mixture was then stirred for 4 h. The
material. product was finally washed and dried as described above.

Little is known about the lithium insertion mechanisminto ~ The success of the synthesis was evaluated by XRD, and the
the VO, nanotubes. In the present report, we have made an"esults were compared with those of previous experiments (see for
effort to study this problem by using a combination of €xample ref 24).

electrochemistry and XRD. The structural changes of thg VO 2:2. Electrode Preparation. Electrodes were prepared by
.. . . ; extrusion of a slurry containing 80 wt % &a-VOy nanotubes,
layers as a result of Liiinsertion and extraction during

. ) . > 10 wt % carbon black (Shawinigan Black, Chevron), and 10 wt %
potential steps were followed by tlme-res_olved_ n §|tu ethylene propylene diene terpolymer binder (EPDM, 5 wt % in
synchrotron XRD. The advantage of performing diffraction cyclohexane) onto aluminum foil. The thickness of the electrode

experiments at synchrotron facilities is the very high intensity film was 30-40um. Circular electrodes (20 mm in diameter) were
of the X-rays produced, which considerably shortens the dried under vacuum overnight inside an argon-filled glovebox (O
measurement time. Previous in situ measurements 6fNa H,O < 2 ppm) prior to use. The mass loading on the electrodes
VOy nanotubes, using Cu & radiation, did not give was~1 mg/cn?. This corresponds to a density of 0-28.33 g/cn,
satisfactory results as only the strongest peak, the 001which implies that the electrode films were porous.

reflection originating from the VQlayers, could be fol- Two- or three-electrode cells were assembled inside the g!oyebox
lowed? The reflections from the intralayer structure were Using the C& —VOynanotubes as the working electrode and lithium
hidden in the high background, created by the other cell foils as counter and reference electrodes. In the three-electrode

components. It also proved difficult to interoret the final data arrangements, a small lithium reference electrode (diameter
P ’ prov ey ! P : ~1 mm) was situated between two separators, close to the edge of

from the measurements smcg the peaks were found to bethe working electrode. The glass fiber separators used for the three-
broad. In summary, the previous study showed that only gjectrode cells were 256m thick. Hence, the distance between
minor changes occurred in the intralayer distance as thethe working electrode and counter electrode wa00 um. For
electrode was discharged. Ex situ measurements performedhe in situ XRD measurements, the experimental setup only allowed
in the same study showed that the 001 reflection was shiftedtwo-electrode cells. These cells were prepared with thinner Solupor
to higher degrees in@when the material was subjected to separators~+{50 um thick) to minimize the X-ray absorption. For
100 cycles, indicating a decrease in the interlayer distance.all cells, the electrolyte weal M LITFSI (LIN(SQ,CFs), Rhodia)
Synchrotron XRD proved to be a more effective tool to study N ethylene carbonate (EC):dimethyl carbonate (DMC) (both
this material, allowing an exploration of the intralayer Selectipur, Merck) 2:1 by volume. The solvents were used as
structure as well as the interlayer distances. received whereas the LiTFSI salt was dried under vacuum at

Inf . b h | hemical 120°C for 24 h in the glovebox prior to use. The cell components
nformation about the electrochemical response was were vacuum-sealed into polymer-coated aluminum pouches.

obtained by using a combination of cyclic voltammetry, 3 3 Ejectrochemical MeasurementsPotentiostatic experiments

galvanostatic measurements, and chronoamperometry. FOlyere performed, with a three-electrode setup, using an EG&G
the thin laminate cells used in this study, diffusion will Versastat Il or atAutolab, type Il potentiostat. The latter was used

generally not be a rate-limiting step. Instead, charge-transferto record the current transients in the potential step experiments,
kinetics and/or ohmic drop effects are expected to be the as well as the in situ electrochemistry and XRD measurements. A
rate-controlling factors. In addition, cyclic voltammetric Digatron MTB testing unit was used in the galvanostatic charge
experiments were used to find the available potential window @nd discharge experiments, all which were performed using two-

for the VO nanotubes. electrode cells. o
2.4. X-ray Diffraction. Powder synchrotron X-ray diffraction

measurements were performed at beamline 1711 at MAX Lab, Lund,

2. Experimental Section Sweden, using a MarCCD 165 deteéfand LaB; for calibration.
2.1. Synthesis.Vanadium oxide nanotubes were prepared as Diffractograms of powder samples, measured in glass capillaries,
described by Niederberger et %alusing \.Os (Aldrich) as a and of separate electrodes were recorded with a wavelength of

precursor and dodecylamine (8,sNH,, 99% Aldrich) as the 0.9547 A. In the potential step measurements, the wavelength used
was 1.0885 A. For the in situ measurements, a custom-made battery

holder with transmission geometry was mounted on the goniometer

(22) Mai, L.-Q.; Chen, W.; Xu, Q.; Peng, J.-F.; Zhu, Q.@hem. Phys.

Lett. 2003 382 307. head. The holder was tiltegt5° in the Phi angle during the 5 s
(23) Sun, D.; Kwon, C. W.; Baure, G.; Richman, E.; MacLean, J.; Dunn, long exposure. The batteries were connected to (tAeatolab
B.; Tolbert, S. H.Adv. Funct. Mater.2004 14, 1197. potentiostat, which controlled the electrochemistry during the

(24) Nordlinder, S.; Lindgren, J.; Gustafsson, T.; Edsird. J. Electro-
chem. Soc2003 150, E280. -

(25) Nordlinder, S.; Edstro, K.; Gustafsson, TElectrochem. Solid State (26) Cerenius, Y.; Stahl, K.; Svensson, L. A.; Ursby, T.; Oskarsson, A
Lett. 2001, 4, A129. Albertsson, J.; Liljas, AJ. Synchrotron Radia00Q 7, 203.
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experiments. One diffractogram was recorded from the pristine
battery, before the potential step was executed. During the potential
steps, 60 frames (5 s exposure) were taken with approximately
10 s between each scan. Thereafter, one frame was measured every
10 min for 40 min followed by one frame every 30 min until either
the current had dropped to at leasu8 or 10700 s had passed
(for the two largest steps).

The resulting CCD images were integrated using the “Fit2D”
software (provided by Dr. A. Hammersley, ESRF, see ref 27).
Calibrated wavelengths and detector positions were used.

2.5. Scanning Electron Microscopy.The surface morphology
of the electrodes was examined by using a scanning electron
microscope, SEM (LEO 1550 Gemini).

Figure 1. SEM image of an electrode made from?Ca&ontaining VQ
nanotubes.

relationship is expected for the thin laminate cell used in
these investigations since the working electrode and the

The success of the synthesis usingdy as a precursor ~ counter electrode were situateeb00 um from each other
was evaluated by XRD. Diffractograms of the as-synthesized and as low scan rates (between 0.05 and 0.8 mV/s) were
and the ion-exchanged materials were compared to diffrac-used. To establish that the lithium insertion into the,VO
tograms of previously synthesized tubes, as well as to hanotubes behaved as a surface-confined process, a sweep
diffractograms reported in the literature (see e.g. ref 3, 6, rate study was performed using a three-electrode cell, which
and 7). Only reflections from the VjQubes were presentin ~ was scanned between 1.8 and 3.5 V. The anodic peak current
the diffractograms. Both precursors,® and vanadium  (lp) and peak potentiali) are plotted against the sweep
alkoxide, produced the same final material and there wasrate in Figure 3. A linear relationship was indeed found
no difference in the electrochemical performance obtained betweenl, and the sweep rate, confirming that the lithium
in the two cases. The diffraction pattern for the?CavOy insertion took place under thin layer electrochemical condi-
nanotubes will be discussed further in section 3.3. tions.

Electrodes were studied by SEM to confirm that the  The anodic peak potentidEf) normally shifts toward more
electrode preparation process did not damage the nanotubesositive potentials (more negative potentials for a cathodic
As can be seen in Figure 1, the tubular shape was indeedpeak on the cathodic sweep) with increasing sweep rate if
preserved. The image also shows the porous structure of thehe process is controlled by the rate of charge transfer and/
electrodes. Although it is seen that some nanotubes haveor IR drop effect$® In other words, the peak potential
aligned to form larger agglomerates, the nanotubes wereseparationAE,, increases with increasing scan rat&, will
generally well-separated. be constant only in a diffusion-controlled system with fast

3.1. Cyclic Voltammetry. The cyclic voltammogram for  electron transfer, in the absence of significant IR drop effects.
the first cycle with a three-electrode cell is shown in Figure In the presence of a significant ohmic drop, the peak potential
2a. Irreversible peaks at 3.6@.90 V (all potentials are given  is expected to depend linearly on the scan rate (under thin
vs Li/Li*) could be seen on the first cathodic scan. These layer electrochemical conditions) since the peak current
peaks could be connected to an initial structural change.should be proportional to the scan rate. As seen in Figure 3,
There was, however, no evidence for irreversible structural E, did shift toward more positive potentials for increasing
reorganizations within the vanadium oxide layers that could scan rates. The relationship betwegnand the sweep rate
be seen from the XRD data (presented in section 3.4). was found to be nonlinear, althoughdepended linearly on
Another explanation for the irreversible peaks could be an the scan rate. This implies that the lithium insertion process
extraction of water molecules or residual amines from the js mainly kinetically controlled, except possibly at the lowest
nanotubes occurring during the first discharge. Three broadscan rates.
peaks, at 2.56, 2.07, and 1.56 V, were also clearly visible in To determine the available potential window of the

the cathodic region. On the anodic sweep, one peak appeare%lectrodes, the three-electrode cells were submitted to scans

at 1.93 V while another was seen at 2.54 V. The latter had between different potential limits. The smallest potential

a shou_lder at 2.72 V, which probably was coupled to the window was chosen to be between 3.2 and 1.8 V. For every

cathodic pe.ak at.2.56 V. cycle, the potential window was then increased by 0.1 V in
The relationship between the peak currel) @nd the o7 direction until the potentials 3.8 and 1.2 V were reached.

sweep rate can generally give information about the d|ffuspn All scans were made consecutively on the same battery.

of Li* in the electrolyte and electrode material. If semi- Figures 2b and 2c show voltammograms for the potential
infinite diffusion is dominant, the peak current will be windows: 3.21.8 3.4-16. 3.6-1.4 and 3.812 V

propo_rtiongl o the square root of the sweep rate. For a finite respectively. The shapes of the peaks differed on the cathodic
dl.ffu.smn distance, |nf|n!te rate of diffusion, the peak current and the anodic scans. The anodic peak, centere®@z V,
will instead be proportional to the sweep rételhe latter was larger than the two cathodic peaks observed. This
- — asymmetry, which may be due to different mechanisms for
gg ntjtglﬂwk?fri'ifggcggpgﬁf'g?{sfhen”(}g'\‘,:i/;"%?/ 200, anal. Chem. lithium insertion and extraction, will be discussed further in
2001, 506, 82. section 3.3.

3. Results and Discussion
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Figure 2. Cyclic voltammograms for the first cycle (a) and for four different potential windows (b, c). All scans were made consecutively on the same cell
and the sweep rate was 0.05 mV/s.
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. . . Figure 4. First cycle galvanostatic curves for a €dOy electrode. The
Figure 3. Anodic peak current&) and peak potentialdll) plotted as a potential cutoffs were set to 3.6 and 1.4 V. Current loading: 25 mA/g,
function of the sweep rate. The sweep rates used were 0.05, 0.1, 0.2, 0-4corresponding to one complete discharge in 7 h. The inset shows the

and 0.8 mV/s. derivative, @/dE, of the galvanostatic curves.

For the largest potential window (3.8 V), the shapes  amount of \#* should naturally be even higher at a potential
of the anodic peaks differed substantially from those seenof 1.2 v. The differently shaped voltammograms seen when
with the other potential limits. The anodic peaks were broader using cathodic potential limits below 1.3 V could hence be
and shifted to more positive potentials. Above 3.6 V, LITFSI the result of a distortion of the \(Gstructure.

is known to corrode the aluminum foil used as the current 3 2 Chronopotentiometry. Galvanostatic measurements,
collector?® However, there was no evidence of such a process performed with two-electrode cells, gave rise to weak
in this study. Such a reaction would have given rise 10 pjateaus at 2.8 V and 2.6 V on an otherwise nearly linear
increased currents in this potential range. The broadeningpotential versus time curve (Figure 4). This is in agreement
of the peaks seen with the largest potential window may also ith the earlier observed behavior of Y@anotubed*2 The

have been affected by an aging effect due to the repeatedpsence of well-defined plateaus indicates the absence of
cycling. In a series of voltammetric scans between 3.6 and ihe formation of discrete phases. The inset in Figure 4 shows
1.8 V (data not shown), both the anodic and the cathodic the derivative, @/dE, for the discharge and charge. In
peaks were broadened and slightly shifted toward more gccordance with the shape of the voltammograms (Figure
negative (cathodic scans) and more positive (anodic scanspy there are significant differences between the shapes of
potentials over 23 cycles. The latter could be explained by the charge and discharge curves. The charge curve contains
a loss of crystallinity in the vanadium oxide she®ts. (pe large peak, while the discharge curve exhibits several
However, the shift in the peak potential was not as prominent minor peaks. The galvanostatic curves hence also exhibit
as in the voltammograms recorded with the largest potential asymmetric features, which are analogous to those seen in

window, suggesting a different effect as in the voltammo- the cyclic voltammograms. This asymmetry indicates that
grams within the latter case. The observed shift in the anodicthe charge and discharge of the active material involve

peak potential was more likely due to a resistance of the gignjficant structural rearrangements.
reduced vanadium oxide layers to re-adopt their original

structure. The use of the low potential limit (1.2 V) could . ,ssed above over 30 cycles are shown in Figure 5. As

generate considerable amounts 6f Minitiating side reac-  gynected, the capacity increased if the potential window was
tions and/or phase transitions detrimental to the battery oytended. However. if a potential window between 1.2 V
performance. According to a previous XPS study, Vs and 3.8 V was used, the capacity was found to decrease with
formed already at potentials around 2.0 V. At 1.8 V, three (ime most likely due to destructive side reactions and/or
vanadium oxidation states were found to coexist with the phase transitions. The initial high capacity270 (mA h)/
distribution: 23% V¥, 51% V**, and 26% V'3 The g) decreased after the first six cycles and reached a value of

: 125 (mA h)/g after 30 cycles. The theoretical capacity can
(29) S‘é‘ﬁs‘; -LAf;néic”,li?”S’J V}‘é-c?) vfgrmsngﬁrrg‘:fég; GEQ%'Z'OM* Korba, G.; he estimated at370 (mA h)/g assuming that the vanadium
(30) Spahr, M. E.; Stoschitzki-Bitterli, P.; Nesper, N.: Haas, O.; ova IS reduced from the presumed average oxidation st4t@8

N. J. Electrochem. S0d.999 146, 2780. to the oxidation state-3.00 (based on the insertion of 9'Li
(31) Nordlinder, S.; Augustsson, A.; Schmitt, T.; Guo, J.; Duda, L. C;
Nordgren, J.; Gustafsson, T.; EdstroK. Chem. Mater.2003 15,

3227. (32) zavalij, P.; Whittingham, M. SActa Crystallogr.1999 B55 627.

Specific capacities for the different potential spans dis-
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1.5 g 2 Table 1. Calculated Number of Transferred Li* in Each Potential
_ < 295V Step
(o2 I
< g
<10 5 2mv Number of
o 0 2 4 6 8 10 E step (V) transferred Lt
5 054 Time (s) .
o = discharge 2.62 1.7
247 2.6
: ‘ : : : 2.38 3.2
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Time (s) 1.91 45
Figure 6. Current-time transients for cathodic (a) and anodic (b) potential ii? 3':;
steps. The cathodic steps were made to 2.62, 2.38, 1.91, and 1.47 V, . )
h e . ) . charge 2.04 1.0
respectively. The arrow indicates decreasing potential. The anodic steps 213 14
were made to 2.04, 2.13, 2.78, and 2.95 V, respectively. The arrow indicates ’ ’
h : ) : ; : 2.78 4.4
increasing potentials. The insets display thel0 s time range for selected 295 5.1

potential steps (indicated in the figure). All currents were normalized to

the amount of the active material on the individual electrodes. The resulting current transients are shown in Figure 6 for

to the ideal stoichiometry WM+ CaV;015, M = metal ion). the cathodic (a) and anodic (b) potential steps. For clarity,
A reversible reduction to ¥ is, however, not likely since  only a few of the cathodic transients have been included in
this would involve large structural changes in the \l&yers. the graph. All measurements were performed on separate

Summarizing the results of the cyclic voltammetric and batteries, meaning that first cycle effects may have influenced
galvanostatic measurements discussed above, the battery cathe results. The transients, which exhibit non-Cottrellian
be discharged to about 1.5 V, but not further than 1.3 V, shapes, as expected for these thin laminate cells, were used
and charged to 3.5 V while maintaining reversible operation to determine the charge passed during each potential step.
of the battery. The insertion of Li into the vanadium oxide nanotubes can

3.3. Chronoamperometry. To facilitate a distinction proceed in two ways. In the first case, discrete phases are
between potential and time effects and to enable studies offormed as the amount of lithium in the material increases.
the structure of the nanotubular material at a range of The other alternative involves the formation of a solid
specified potentials, cathodic potential steps were made fromsolution of LiVO,. If the intercalation of lithium into the
the open circuit potential (OCR3.4 V), to seven different  vanadium oxide results in a solid solution, there should be
potentials: 2.62, 2.47, 2.38, 1.98, 1.91, 1.55, and 1.47 V. a linear relationship between the potential and the charge
Anodic steps, to 2.04, 2.13, 2.78, and 2.95 V, were likewise associated with that potential step. Such a plot can therefore
made using electrodes that previously had been dischargede compared with the galvanostatic charge/discharge curves
with a current loading of 10 mA/g (corresponding to one seen in Figure 4. Figure 7 show plots of the charge passed
complete discharge in 24 h) and equilibrated at 1.3 V for during the individual cathodic (a) and anodic (b) steps. The
approximately 4 days. The potentials were chosen to studyasymmetry, seen in both the voltammograms (Figure 2) and
the cathodic and anodic peaks seen in the cyclic voltammo-chronopotentiograms (Figure 4), is clearly present also in
grams. All potential step experiments were performed on Figure 7. While the plot for the anodic steps (Figure 7b)
different batteries. was linear, as for the charging or discharging of a capacitor,



500 Chem. Mater., Vol. 18, No. 2, 2006 Nordlinder et al.

©01) * %

* k%
.
*
_—(210)

(100) | —(310)
| (200)

10 20 30 40 50 60
26 (degrees)

Intensity (arb. units)

Figure 9. Powder X-ray diffractograms of a €&/Oy powder (bottom)

and a Ca-VOx electrode enclosed in the polymer laminated aluminum pouch
(top). The additional reflections in the latter originate from the aluminum

current collector, the binder, and the pouch materials. Diffraction peaks
from aluminum and the binder material are marked with (*) amjl (

Figure 8. Schematic picture showing the scroll-like structure of the,vO  fespectively. The reflections of interest are marked with theht-
nanotubes and the structural model for the ideaD)¢ interlayer structure assignments in the powder pattern.
viewed along theb-axis. The atomic coordinates from ref 5 were used.

The C&" ions are represented by gray spheres between thela@rs. a (100)
Note that the positions of the €aions are arbitrary. : (001)

the shape of the cathodic plot (Figure 7a) was more irregular. '

For the largest cathodic step, to 1.47 V, the charge was found ;

to be higher than expected, possibly due to a slightly different

amount of active material on the electrodes. Thinner elec-

trodes, with less active material, may allow a more effective : : ; ;

I . . : . 6 8 10 12
utilization of the active material, thereby producing higher 26 (degrees)
capacities compared to electrodes with a higher mass loading.
Another explanation for the higher charge of the last point
in Figure 7a, could, however, be that another reduction (310)

F

32 33 34
20 (degrees)

Intensity (arb. units)
-

o>

process becomes possible at this potential. Structural reor-
ganizations at potentials below 1.5 V could produce a
different environment for the Lii This could in turn allow
additional reductions of the vanadium oxide. For example,
a more defect-rich structure could host additionat,las
has been shown by Sun et?alTable 1 contains the
calculated number of titransferred in each potential step
together with the average vanadium oxidation states. The 0 {,c(ﬂﬁ B S—
B

Intensity (arb. units)

o>

b
Al
31

calculations of the oxidation states were based on the ideal ° -
starting composition CaXD16, Which has an average oxida-
tion state of+4.28. Due to defects originating from the
curvature of the vanadium oxide layers, the average oxidation
state fc_>r the syntheS|zeq nanotubes will probably be some- R Ty AT T
what different from the ideal structure. However, the ideal Time (s)
stoichiometry is used here to give an estimate of the changesrigure 10. In situ XRD measurements during the potential step from OCP
in oxidation state Occurring as Li ions are inserted and to 2.15V: (a) t_he 001 and 100 _reflections, (b) the"o’_lo reﬂection‘, and (c)
extracted. The oxidation states for the anodic steps are nofhe Corespering curent ransient (rar i positans o e diffac.
possible to estimate since the initial oxidation states for the (p) pristine battery, (A) 2 min (120 s), (B) 7 min (420 s), (C) 14 min 30 s
discharge samples are unknown. After the potential step from(900 s), (D) 25 min (1500 s), {EL h (3600 s), and (F2 h (not shown in
OCP to 1.47 V, the oxidation state of the vanadium is close 10c).
to +3, which implies that a significant part of the material vanadium atoms can also be seen as coordinated in a distorted
must be in thet+-3 oxidation state. octahedral arrangement with one long®@ bond (2.4 A).
3.4. In Situ XRD. To follow the structural changes during  Short V—O bonds are directed toward the interlayer spacing,
a potential step, in situ XRD was performed. Since a coordinating the embedded guests. Since the space within
synchrotron source was used, time-resolved measurementshe VQ, layers is too small to allow migration of lithium
could be made with a resolution (i.e., time between two ions through these layers, all*Liwvill end up between the
consecutive diffractograms) ef15 s, which made it possible VO, sheets and coordinate to the vanadyl oxygens.
to closely follow the evolution of the diffraction pattern for Figure 9 shows the powder diffraction patterns for the
the VO nanotubes with time during the potential steps. Ca"™VO, nanotubes and an electrode enclosed in a
The building blocks of the ¥O,¢ layers in the nanotubes  polymer-coated aluminum pouch, respectively. The latter
are double layers of square pyramidal ¥@nits with diffactogram contained peaks from the EPDM binder+{13
embedded VQtetraedra (Figure 8). The five-coordinated 15° in 26) and from aluminum (six strong peaké 2 25°)

Current (mA)
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Figure 11. In situ XRD patterns for the 001 and 100 reflections during
the potential step from OCP to 2.15 V, showing the changes during the
first 2 min. The diffractograms were recorded after (from bottom to top)
1-5s,15s,30s,45s, 1 min 15 s, and 2 min (diffractogram A is the same
as in Figure 10a).
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Figure 12. In situ XRD measurements during the potential step from OCP
to 1.71 V: (a) the 001 and 100 reflections, (b) the 310 reflection, and (c)
the corresponding current transient (narks the positions of the diffrac-
tograms). The diffractograms were recorded after (from bottom to top) (P)
pristine battery, (A) 2 min (120 s), (B) 7 min (420 s), (C) 14 min 30 s (900
s), (D) 25 min (1500 s), (E1 h (3600 s), and (F2 h (not shown in 12c).

as well as several minor peaks originating from aluminum
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Figure 13. In situ XRD measurements during the potential step from
1.6 Vto 2.78 V: (a) the 001 and 100 reflections, (b) the 310 reflection,
and (c) the corresponding current transiextrfarks the positions of the
diffractograms). The diffractograms were recorded after (from bottom to
top) (P) pristine battery, (A) 2 min (120 s), (B) 7 min (420 s), (C) 14 min
30 s (900 s), (D) 25 min (1500 s), Y& h (3600 s), and (F2 h (not shown

in 13c).

compared to those for the pure powder. The preferred
orientation of the nanotubes in the electrode film may have
caused this altered intensity distribution. Unfortunately, the

Ca&"—VOy nanotubes only gave rise to weak and broad peaks
in comparison with the other cell components. Significant

changes in the diffraction pattern could, however, be seen
as the material was charged or discharged.

Two regions of the Cd—VOy diffractogram will be
discussed below: (a) the 001 and 100 peak¥atZ° and
~10°, respectively and (b) the 310 peak &t 2 33°. The
otherhkO reflections showed similar behaviors, but they were
difficult to analyze properly and were therefore not included.
The bottom patterns (marked P) in Figures—13 were
obtained with the pristine battery, prior to the potential step.
Pattern A was recorded 2 min after the potential step, and
the corresponding position is marked in the current transients.

oxide and materials in the polymer-coated Al pouches. The The successive diffractograms were recorded after (B) 7 min,

001 peak is normally the strongest reflection for thé'Ca
VO nanotubes, and the correspondidgalue gives the
distance between the \{@ayers. Peaks observed & 2 10°
arehkO reflections originating from the structure within the
VO layers. These reflections did not change when the

(C) 14 min 30 s, (D) 25 min, (E) 1 h, and (F) 2 h (not marked
in the transient).

There was a slight mismatch between the powder pattern
and the pattern from the electrode at low angles, in that the
001 reflection was shifted to highe®ZXor the electrode.

embedded guests changed. Consequently, the intralayeiThe shift corresponds to a change in interlayer distance from

structure was, to a first approximation, independent of the
guest ion. The intensity ratios between the 001 reflection
and thehko reflections were clearly different for the electrode

10.9(1) A for the powder to 9.1(1) A for the electrode.
Possibly a contraction of the \{Qayers was induced by a
removal of embedded water and/or a rearrangement of the
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Figure 14. In situ X-ray diffractograms) = 1.0886 A) for (a, b) the cathodic potential steps from OCP to 2.62, 2.47, 2.15, 1.71, and 1.52 V (from bottom
to top) and (c, d) anodic (charge) potential steps frefin5 to 1.87, 2.04, and 2.78 V (from bottom to top). The frames are recorded per< 4 uA.

C&' caused by the heating step during electrode preparation s .

(all electrodes were heat-treated at TZDovernight). The <__> V3t
interlayer distance decreased further to 8.79(5) A as the

electrode was incorporated into a battery as can be seen for A Z‘L\

the pattern marked P in Figure 10a. Interactions with solvent & ' =

. Tetrahedron
molecules and/or i from the electrolyte could therefore T"QC’"ﬂ' Square

have caused the additional compression of the \é@ers. oL i
Li* have a smaller ionic radius than €476 and 100 pm, "
respectively), which means that an exchange &f @ar Li* ]7 _V
would result in a decreased interlayer distance. The amines ' "
cannot be spontaneously exchanged fot during the Bierinisd Oaabiede
commonly used ion-exchange procésklowever, it is _ ) , o _
. . . . Figure 15. Different vanadium-oxygen coordination polyhedra. The figure
possible that the environment in the cell, where aprotic is%,ased on Figure 1 in ref 32.
solvents are coordinated to the'|favors such a substitution.
It is important to note that all pristine batteries had the same 1.52 V, respectively (from bottom to top in the figure)
d-value for the 001 reflection. When a potential was applied, recorded when the current had dropped belowAd The
the 001 reflection exhibited a shift from 7.fo 7.4 during latter occurred after 12 h depending on the size of the
the first 2 min corresponding to a decrease in interlayer potential step AEge). This implies a system close to
distance from 8.79(5) to 8.43(5) A. This can be seen in equilibrium. The 001 reflection remained at 7.t 20
Figures 10a, 12a, and 13a. Considering the diffraction independent of the size of the potential step (Figure 14a).
patterns recorded before 2 min (Figure 11), it could seen For the 310 reflection, an increasing shift could be detected
that the shift of the 001 peak, and consequently the as AEge, was increased. As seen in Figure 14b, the 310
contraction of the VQIayers, occurred gradually and notin  reflection finally merged into the aluminum peak.
a single step. On the other hand, the 100 reflection did not Diffractograms obtained for the three anodic steps, from
move at all during the potential step. ~1.5 to 1.87, 2.04, and finally to 2.78 V (from bottom to
A shift of the 310 reflection from 33°0to a maximum of top in the figure), are shown in Figures 14c and 14d. Only
32.5, for the cathodic potential steps occurred gradually a very small shift of the 001 reflection toward lowe# @ould
during a much longer time period (Figures 10b and 12b). be detected for the largest anodic step (Figure 14c). It was
The size of the shift was dependent on the end potential, also found that the 310 peak returned to 32fer the largest
i.e., the amount of inserted Li A reverse shift in the 310  anodic step (Figure 14d).
reflection was found for the anodic steps. As shown in Figure ~ Summarizing the results from the in situ diffraction study,
13b, the peak finally ended up at 32.%urprisingly, the it becomes clear that there are at least two processes
001 peak did not shift back to lowe®ZFigure 13a), and it  occurring as the L enter into the VQnanotubes. Initially,
is hence possible that this decrease in the interlayer distance.i™ are inserted between the YQayers. This is a fast
is a first-cycle effect. process, which occurs in a fairly disordered way, causing
Figures 14a and 14b contain diffraction patterns for five the interlayer distance to decrease. Second, theliffuse
cathodic steps from OCP to 2.62, 2.47, 2.15, 1.71, andto find a favorable site in the interlayer spacing. This affects
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the intralayer VQ@ structure. The reduction of vanadium is different lithium insertion and removal processes. This can
accompanied by an increase in its coordination number. be understood by considering the slow reorganization of the
Different possible coordination polyhedra are shown in VO structure occurring as tidiffuse to their final sites.

Figure 15. Tetrahedral vanadium is always in thé& The surroundings of the tiwill be different at the end of
oxidation state, while vanadium in the3 oxidation state is  the discharge compared to those when the discharge was
always octahedrally coordinated. Vanadium in th& and initiated. Therefore, Li transport from the sites may follow

+4 oxidation states can adopt three types of five-coordinateda different process, giving rise to the mismatch seen between
arrangements: trigonal bipyramid, square pyramid, and the discharge and charge curves. However, since we can only
distorted octahedral arrangement. Initially, the \M&Deets use a limited number of reflections, it is difficult to elaborate
are composed of double layers of square pyramids separatedurther on the precise lithium insertion/extraction process.
by tetrahedra (Figure 8). The average oxidation state for

vanadium in the ideal stoichiometry, Cas, is +4.28, 4. Conclusions

which suggests that there are twé"\and five V" in one According to results from the electrochemical measure-
formula unit. The calculated number of'Linserted during ments, lithium enters the Vanotubes in a solid solution-
each potential step, based on the charges in Figure 7, iSjke process. This is confirmed by XRD results, where a
shown in Table 1. The anomaly for the step to 1.55 V'is graqual peak shift is seen in the diffractograms. There are
probgply due to the use of a slightly thicker electrode in that 4; |east two processes occurring as enters the material:
specific cell. __ a fast decrease of the interlayer distance, followed by a
When lithium is inserted between the sheets, vanadium is gjower two-dimensional relaxation of the structure within the
reduced from ¥ to V*" and from V" to V**. The formation /o, jayers. The electrochemical measurements indicate that
of regular octahedra around vanadium in tha oxidation  he |ithjum insertion process is different from the extraction

state would cause buckling of the YQayers since the  rocess, which can be due to a reorganization of the structure
vanadium atoms will need to alter their positions. This will 4 e to the insertion of L between the VQlayers.

in turn lead to changes in the cell parameters, thereby 1 approach the theoretical capacity for 2GaVvOy
producing a shift in the intralayer reflections, as seen by nanotubes, the low potential limit must be set below 1.5 V
XRD. The buckling will be dependent on the absolute p,t not jower than 1.3 V. Using a too cathodic potential limit
oxidation state of vanadium, and this is reflected in the g5ppears to induce phase transitions that reduce the cell
potential dependence of the 310 peak. Reducing the material,erformance considerably. The rate-controlling processes in
to 1.2 Vresulted in a decreased electrochemical performance g (gq battery are expected to be charge transfer and/or ohmic

If a large amount of V" in tetrahedral coordination is  qrop effects, in agreement with the experimental results.
reduced, the structure will be significantly altered. It is
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