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Amorphous vanadium oxide (a,®@s) powders were prepared by acidifying aqueous,;M8; solution with concentrated nitric

acid. Samples having a different degree of layer stacking and surface area were obtained either by changingy@e NH
concentration or by employing additional solvent exchange process. The pentane-exchanged precipitate gave the largest surface
area (60 g?') after vacuum drying at 100°C for 24 h. This electrode material delivered an initial discharge capacity of
426 mAh gt in the voltage range of 1.5-4.0 Ws. Li/Li *), which amounts to 2.9 equiv Liions per mol of \JOg. X-ray
absorption near-edge spect®ANES) clearly showed a vanadium reduction down tdly when Li" ions were inserted at
Li*/V,05 > 2.0. The Li" storage sites were analyzed by correlating the peak intensity in differential capacity plots to the surface
area and degree of layer stacking, from which two differerit stiorage sites were identified. The discharging capacity at 1.7 V
was strongly correlated with the surface area of electrode material, suggesting‘tiatd are inserted into the amorphous region

at this potential. The intensity of 2.5 V peak was, however, proportional to the peak inten€d@19fliffraction, illustrating that

Li* ions are inserted into the quasi-ordered layer stacking region at this potential. The latter feature was further confirmed by
X-ray diffraction analysis, whereby it was found that the interlayer spacing decreases most significantly near 2.5 V along with a
sharp decrease in tH801) diffraction intensity.
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Recently, sol-gel process has become widely used for preparinguggested that vanadium oxidation state remains(&f)Veven for
amorphous vanadium oxides via hydrolysis and condensation read-i */V,0s > 2.02* To explain this electron-L'i imbalance, a sur-
tion of molecular precursors such as vanadium alkoxifeBue to  face cation-vacancy model has been propd8é@2*Recently, how-
the difficulty in controlling the reaction rate in this process, how- ever, Mansouret al. provided the XAS result whereby vanadium
ever, a complexing agent such as acetyl acetone or acetic acid iexidation state varies reversibly betweetW and V(IIl) with elec-
commonly added. Another sol-gel method for vanadium oxides istrochemical Li" insertion?®
the acidification of sodium metavanadate solution using ion-  The nature of Li storage sites in a-)0s is not clearly identified
exchange resifi*2A problem in this process is the contamination of in the literature. However, some Listorage sites are undoubtedly
Na' ions in the products and the difficulty in large-scale production. associated with quasi-ordered interlayer redi®ff Intuitively,

In these sol-gel processes, vanadium oxide xerogels are obtaindabwever, the amorphous portion in 3®; should be an important
upon drying the resulting gels under ambient condition or after sol-Li* storage site because it is dominated by its amorphous nature and
vent exchangé®'® The gels can also be converted to aerogels by can be considered to be a more versatile host foribns.

supercritical drying:>!” Amorphous vanadium oxide xerogels or  Three major goals were identified in this work) to explore a
aerogels are known to have a hlgher* Lsitorage ablllty than the new prepara’[ion method for amorphou§0§ powder’ (|) to re-
crystalline analogue when they are tested as the cathode material y|ve the issue of electron-Liimbalance, andi{i) to identify the

Li secondary batteries. Four equivalents of lithium insertion per |+ siorage sites. To accomplish the first goal, a rapid precipitation
mole of ;05 aerogel is frequently observed by chemical or elec- o \/,0, and solvent exchange was performed. For the second goal,
trochemical lithiationt® Moreover, some reports claimed even X-ray absorption near-edge Spectt#ANES) were obtained by
higher Li* storage capacity up to 5.8 equiv per mol of04.** This  yarying the Li*/V,05 ratio between 0 and 2.9, from which vana-
high capacity has been ascribed in the literature to the amorphougium reduction down to Wll) was confirmed. For the last goal, the
structure and high surface area of these matelfaiin this work, Li* storage capacity was correlated to the peak intensit§00L)

we utilized the rapid precipitation method to obtain amorphous va-gjffraction in X-ray diffraction(XRD) patterns and also to the sur-
nadium oxide materials with an expectation that crystallization mays5ce area of a-yO5 materials.

be discouraged by a rapid precipitation so as to give a high surface

area with a high degree of amorphicity. In brief,® precipitate Experimental

was obtained by adding concentrated nitric acid into,M8; aque- . . .

ous solution at 100°C. The resulting precipitate was dried under Materials.—The schematic procedure for the preparation of
ambient condition or dried after solvent exchange process. A reasor@-V20s powders is presented in Fig. 1. In detail, NHD; was
ably high surface area was observed with a high degree of amordissolved in hot distilled water. After a complete dissolution and
phous structure. This process seems much simpler than the convefémoval of gaseous NH concentrated nitric acid was added at

tional sol-gel ones in that neither the reaction rate control nor the usé-00°C. The reddish solution abruptly changed to brown precipitate.
of ion exchange resin is needed. The resulting precipitate was collected by filtration, washed with

When Li* ions are inserted into 305 lattice with Li*/V,0s water, and dried in avacuum oven at 100‘fC for 24 h. For the splvent
exchange, the precipitate was dispersed in organic solvent with stir-

> 2.0 according to the coupled electrorflinsertion mechanism, ring, and then the solvent was decanted. This process was repeated
the oxidation state of vanadium should be reduced @)V How- 9, L : proces: P
at least five times. Because pentane does not mix with water, pore

ever, previous literature reported contradictory results on this issue\'/\/ater in the precipitate was first exchanaed with acetone and then
Some in situ X-ray absorption spectroscopyXAS) studies precip 9

with pentane. The solvent-exchanged precipitate was collected by
filtering and was dried in a vacuum oven at 100°C for 24 h.

* Electrochemical Society Active Member. Instrumentation—XRD patterns were obtained with a rotating
2 E-mail: seungoh@plaza.snu.ac.kr anode X-ray powder diffractometéMacScience M18XHF-SRA
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[ ] 1500 | 0.14 M
Washing and filtering Solvent exchange 0.09M
| | oc L . . | )
Drying at 100°C in vacuum Drying at 100°C in vacuum 10 20 30 40 50
oven for 24 h oven for 24 h
| I 20/ degree
a-V,0, powder a-V,0, powder Figure 2. XRD patterns of a-yOs powders synthesized with different pre-
cursor (NHVO;) concentration. The peak intensity ¢001) diffraction
. . steadily increased by increasing the precursor concentration until the impu-
Figure 1. Synthetic procedure for a»Ds powders. rity phase (NHV30,-nH,0) formed at>0.3 M.

using Cu Karadiation at 50 kV and 100 mA. Silicon powder was
added as an internal standard. Brunauer, Emmett, and TBEET)
surface area was measured from the nitrogen adsorption isotherm
XANES were collected at the K-edge of vanadiungg(

samples were prepared by changing the solvent in the solvent ex-
hange step while the NNWO5; concentration was fixed at 0.2 M.
;amples obtained without the solvent exchange process exhibited a

_1 .
= 5465.1 eV) in the transmission mode at the Pohang Accelerato urface area of<10 nf g *. However, surface area is enlarged by
Laboratory operating at 2.5 GeV with a current between 100 and he solvent exchange process. Here, surface area became larger as

150 ma. A double-crystal SB11)monochromato was used. The [ SU1SCe ension o e solvent used decreased. This feture i
samples were sealed with Kapton film. gel p 9 P

. . cal drying is involved. In normal drying, large capillary forces at the
Witl-qr OKFért}%epnar; ;25 E%mF;OnséteTgﬁézogﬁfag?%ﬁﬁwgizgﬁi Tall)t(i?)dof liquid-solid interface cause porous materials to shrink or crack when
70:20:10. The mixture was then dispersed in isopropyl alcohol an he pore water is removed by evaporation. When the pore water is

d . f stainl teel E idth di . eplaced by solvents of a lower surface tension, the pore structure
spread on a piece of stainless steel Exithetg wi IMeNSION — gstains with a limited collapse because a lesser surface tension is

= 2mm, short width dimensior 1 mm, apparent area oyerted across the pores. In this work, the pentane-exchanged pre-
= 1cnT), followed by a pressing and drying in vacuum at 120°C cjpitate gave rise to the largest surface area.
for 12 h. The used electrolyte was 1:1 mixture of ethylene carbonate ' The XRD profiles of four samples are represented in Fig. 2.
(EC) and diethyl carbonatg DEC) containing 1.0 M LiCIQ Generally, the XRD peaks are broad and weak, indicative of an
(Tomiyama Pure ChemicalThe galvanostatic charge-discharge cy- amorphous nature of prepared samples. The most intense peak lo-
cling was made in a three-electrode cell with a WBC-3000 batterycated at 8° is thé¢001) diffraction, which is related to the ribbon
cycler(Xeno Co.), where Li foi(Cyprus Co.was used as the anode  stacking along the axis and thus thé001) peak intensity is as-
and reference electrode, respectively. sumed to be proportional to the fraction of quasi-ordered crystalline
material in the samples. In Fig. 2, it is seen that the intensity of
(001) peak gradually increases as the NKD; concentration be-
Preparation of aV,O5 by precipitation methoe—The prepara- comes higher, indicative of a gradual increase in the fraction of
tion condition, surface area, and first discharge capacity are listed iquasi-ordered region in the samples. For the sample synthesized
Table I. The top five samples were prepared as a function ofwith a high concentratiori0.3 M), the electrochemically inactive
NH,VO; concentration, whereas sample VO-3 and the bottom threempurity phase (NHV;O0g - nH,O) develops as shown in the top

Results and Discussion

Table I. Synthetic conditions for a-V,0O5 powders and their surface area and first discharge capacity.

NH,VO, Surface Surface First discharge

Concn tension area capacity
Sample (M) Solvent (mN m™) (m? g% (mAh g™
VO-1 0.09 Water 71.99 3.20 308
VO-2 0.14 Water 71.99 3.43 367
VO-3 0.20 Water 71.99 5.02 381
VO-4 0.26 Water 71.99 477 376
VO-5 0.30 Water 71.99 3.83 364
VO-6 0.20 Acetone+ water 40.63 16.48 385

(1:1 wt %)

VO-7 0.20 Acetone 23.46 40.56 415
VO-8 0.20 Pentane 15.49 59.94 426

aThis value was calculated from the method of Tameiral?° Others fromCRC Handbook of Chemistry and Physig4st ed.
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Figure 3. (a) Galvanostatic charge-discharge profiles traced with sample Voltage/ V (vs. Li/Li")

VO-8 at a current density of 30 mA ¢ and (b) vanadium K-edge XANES

spectra of a-yYOs electrode recorded with charge-discharge cycling. The Figure 4. The differential discharging capacity plotd @/dV vs.V) that
voltages where the spectra were taken are indicatéd)inAt the inset, the  were obtained by differentiating the galvanostatic discharging profiles for the
spectra obtained before and after the cycling are provided, where it is noteda) samples prepared with different precursor concentration(ansamples

that two spectra are identical, indicative of a reversible reaction betweerprepared by changing the solvent. Note that the peaks appearing at 1.7, 2.5,
a-V,05 and Li" ions. and 2.9 V differ in intensity for the samples.

profile. The sample prepared with 0.2 M WO exhibits the high-  is reduced to V(). The intensity of pre-edge peak, related to the
est(001) diffraction peak among the samples. All samples showedprobability of dipole forbidden s d electronic transition, steadily
an interlayer spacing of 1.15 0.01 nm within experimental error.  decreases with [ii insertion. The intensity of this peak is propor-
The XRD patterns also showed other peaks that are related to thfonal to the deviation from octahedral symmetry of the vanadium
internal ribbon structur& The layer spacing and XRD patterns are sites and its decrease is likely related to the modifications of vana-
similar to those of a-YOs reported by otherd!3? dium local environment that becomes more symmetric upon
. o . . lithiation.333* Curves in the inset, traced before and after the cy-
The issue ofelectronLi” imbalance in aV,0s.—Figure 3a  jing "show that two spectra are identical to each other, manifesting

dlsplalysvg é;all\{a_most?tlc / cf;args-dscharge prome ot':_tameclzlt Wm}hemselves that Li insertion/extraction process is reversible with-
sampie VE-. L1 insertion e_x+rac lon occurs over the entire Voltage ,+ severe deformation in the lattice structure and electronic states.
region of 1.5-4.0 V(vs. Li/Li 7), but there appears a plateau-like

behavior at 2.9, 2.5, and 1.7 V. The specific discharge capacity of The nature of Li storage sites in av,0s.—Figure 4 shows the
this electrode was 426 mAR ¢ at a current density of 30 mAg. differential capacity §Q/dV vs.V) profiles that are derived from
Assuming 100% coulombic efficiency, an insertion of 2.9 mol of the galvanostatic discharging profilé®r example, that shown in
Li ™ per mol of a-\4O; is calculated. Figure 3b presents the XANES Fig. 3a). The profiles obtained with a,®; electrodes that were
spectra of this sample taken as a function of lithium content. Uponprepared with a variation in the NMO3 concentration are provided
lithiation, the X-ray edge energy for vanadium is gradually shifted in Fig. 4a, whereas those profiles obtained with samples prepared
toward the lower energy as a consequence of a vanadium reductionith solvent exchange are in Fig. 4b. The plateau-like behavior in
A careful inspection on the spectrum for lLV,05 = 2.9 reveals  Fig. 3a appears as a peak at 2.9, 2.5, and 1.7 V in the profiles. It is
that vanadium is reduced to(M), which is confirmed by the apparent in both figures that the intensity of three peaks differs for
emerging shoulder located by the arrow. This observation is identithe samples, indicative of a different population of Istorage sites.

cal to that reported by Mansoet al?® From this, it is likely that the The peak intensity at 1.7 V in the differential capacity plots was
coupled electron/Li insertion prevails in this sample and vanadium normalized by that of sample VO-8, and then correlated to the
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The (001) peak intensity in XRD patterns is a measure of the

population of quasi-ordered layer stacking in the samples. In Fig. 6,
the normalized peak intensity q001) diffraction (Fig. 2) was
correlated to the normalized peak intensity at 2.5 V. Here again, twa 20/ degree
parameters are well correlated to each other even if some data ar
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stacking layers at 2.5 V. To further confirm this feature, XRD study 1.20
was made with a variation in the degree of charge/discharge. Ir (c) (vii
115

£

- 0
. ~ 110 - N
= £ (ii) : (vi)
; S 105} Insertion :Extraction
@ ) —_——
o 10¢ O 5 100} :
> >
7} 4
o 0.9 | 8 095
Y ‘E
> ~ o090 )
= ’
g 0.8 H
9 n 0.85 : 1 1 L 1 ] 1 1 fl ) L
£ 07k 45 4.0 35 3.0 25 20 15 2.0 25 3.0 35 40 45
3 Voltage/ V (vs. Li/Li")
T 06}
£
o 1 ! I L 1 !
§ 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Normalized Intensity of (001) diffraction peak/ a. u. Figure 7. (a) The differential charging (L extraction)and discharging

(Li* insertion)capacity plots §Q/dV vs.V) for VO-8. The voltages where
Figure 6. The correlation between the normalized peak intensity of 2.5 V in XRD analysis was made are indicat¢d) XRD profiles taken with cycling.

the differential capacity plots and the normalized peak intensityOOfL) Note the evolution of position, intensity, and broadnes$06f1) diffraction
diffraction in XRD profiles. Note a strong correlation between two peaks with cycling.(c) The evolution of interlayer spacing with cycling.
parameters. Note the mirror image between the insertion and extraction process.
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Fig. 7a, the differential charging (Liextraction)and discharging the quasi-ordered interlayer stacking region near 2.5 V. This was
(Li* insertion) profiles of VO-8 are displayed with the voltage further supported by XRD analysis, whereby a sharp decrease in
where the XRD analysis was made being indicated. The evolution off0th the intensity of001) diffraction line and layer spacing was
XRD profiles upon charge/discharge cycling is presented in Fig. 7bobserved across 2.5 V.

A careful inspection on thé01) diffraction region at 5-12° reveals 4. The Li* insertion/extraction process was reversible as evi-
at least three apparent features. First,(01) peak intensity shows denced by the XANES and XRD results. The XANES spectrum
a sharp decrease across 2.5 V during insertion, but a sharp recovetgken after a charge/discharge cycling looked identical to the origi-
across 2.5 V in the extraction period. Wher lions are inserted in ~ hal one. Furthermore, the peak intensity@®1) diffraction line and

the interlayer, thé001) diffraction peak becomes broader and weak the interlayer spacing value were fully recovered to the initial ones

due to the nonuniform layer spacing value. A sharp change in this€ven after a cycling.

diffraction intensity across 2.5 V illustrates the *Liinsertion/
extraction in/from the quasi-ordered layer stacking region at this
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the charge/discharge cycling.
To gain a better insight into the second feature, the evolution of
interlayer spacing with charge/discharge cycling is displayed sepa-

rately in Fig. 7c. The fresh VO-8 electrode material shows an inter- 1.

layer spacing of 1.15 nm. Upon lithiation down to 1.5V, the layer

exert on the negative charge residing on the apical oxides of VO

pyramids. Such an effect reduces the electrostatic repulsion forcey.

that acts between two adjacenf®% layers and leads to a shrinkage 8.
9. H. K. Park and W. H. Smyrlj. Electrochem. Socl141, L25(1994).

EO. A. L. Tipton, S. Passerini, B. B. Owens, and W. H. SmyrlElectrochem. Soc.,

of the layer distance. The most prominent decrease in the laye
spacing occurs from 3.0 to 2.3 {hat is, across 2.5 V), suggesting

that Li* insertion mainly takes place near 2.5 V. The interlayer 11.
12.

the same pattern. Here again, the most significant recovery in thgs
interlayer spacing is observed across 2.5 V. The negligible change ina.

spacing is recovered to the original value upon Ektraction with

the interlayer spacing at 2.3-1.5 V in both the insertion and extrac-
tion period indicates that ['iions are not inserted/extracted in/from

the interlayer at this voltage range. This observation indirectly sup-1¢.

ports our suggestion that Liions are inserted in an amorphous

region when discharging across 1.7 V. 17.
18.

Conclusions

In this report, we provide a new preparation method for,®y/
and clarify the issue of electron/Limbalance and the nature of Li
storage sites. The following points are summarized.

1. a-\,O5 powders were synthesized by acidifying NHO4

solution. The degree of layer stacking became larger with an2?

19.

20.
21.

tion spectroscopic measurement.
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