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Abstract

The change in structure of vanadium pentoxide due to the discharge/charge process of V,O5 prepared by the ozone oxidation method (O
V,0;) was studied using an in situ X-ray diffraction technique. The diffraction peaks of (600), (020), (420) and (710) shifted to lower
angles as Li™ intercalation progressed until about x=0.8. Then they disappeared and a new broad peak appeared at 47°, which means that
lattice extension and structure change occurred. When the O,-V,Os was discharged to x= 1.8 and then charged. the XRD pattern recovered
to almost its imtial pattern. The change in the chemical diffusion coefficient (D) for O;—V,0s measured using the GIT and the AC techniques
closely corresponded to the behavior observed using the in situ XRD technique, i.e. the change mn diffusion coefficient levelled at about x = 0.8,
but after that the value of D decreased. The changes in the chemical diffusion coefficients of other types of V.Os (orthorhombic, electrochem-
ically prepared and amorphous V,0s) were also measured and their changes due to Li ™ intercalation are discussed. © 1997 Published by

Elsevier Science S.A.
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1. Introduction

High energy density cathode active materials for recharge-
able lithium batteries are being developed with great enthu-
siasm. Vanadium pentoxide is one of the most promising
materials among the available candidates. Matsushita and
Toshiba have commercialized coin-type batteries using
orthorhombic V,0;5 (0-V,05). In addition to 0-V.Os, many
other types of non-crystalline V,Os-related compounds,
including xerogel V,O5-nH,0 [1.2]., V,0s-P,05 [3.4],
aerogel V,Os [5] and others have also been investigated as
the possible cathode materials. We have already reported that
electrochemically prepared V,05 (e-V,0;5) from a VOSO,
solution [6] exhibited an intermediate crystal structure and
displayed an electrochemical behavior between that of o-
V.05 and amorphous V,05-P.0;5 (a-V,05-P,05)}. V,05 pre-
pared by the ozone oxidation method (O:-V,0s) is another
new type of V,0s that shows almost the same characteristics
as e-V,05 [7,8]. Recently, Hibino et al. [9] prepared a new
type of V,05(2D-V,0s5) by the direct reaction of metallic
vanadium with hydrogen peroxide and provided a structural
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model, showing that it exists in a form intermediate between
the amorphous and crystalline stages [9.10]. The X-ray dif-
fraction (XRD) patterns of e- and O;—V,05 were found to
coincide with those of 2D-V,0Qs, the structure of these two
compounds being almost similar [ 10]. We studied changes
in the structure of a new type of V,0s(0;—V,0s) with ortho-
rhombic V,05(0-V,05) during discharge and charge using
an in situ XRD technique; it is important to study changes in
the structure in order to understand the limits of discharge
capacity and cycleability. The changes in the chemical dif-
fusion coefficients of Li™ in four types of V,0s ( Os-, e-. 0-,
and amorphous V,0,-P,0s; (a-V.0.-P,05)) were also
measured using GIT [11] and AC [12] techniques, since it
is also important to infer those structural changes occurring
as Li* intercalation progresses and to estimate the possibil-
ities for high rate charge/discharge characteristics.

2. Experimental

e-V,05 [6], 0:—V,05 [7,8] and a-V,0s—P,0; [13] with
a nominal composition of 5 mol% P,O; were prepared
according to methods used in previous papers. The 0-V,0;
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Fig. 1. Construction of the mn situ XRD cell

was a reagent-grade commercial product (Woko Junyaku).
A cathode for in situ XRD measurement was fabricated by
mixing 82 wt.% 0;-V,05 or 0-V,0s, 14 wi.% conductive
binder (acetylene black:polytetrafluoroethylene:surface
active agent (66:33:1)) and 4 wt.% silicon or gold powder.
The mixture was pressed onto a nickel mesh collector to make
a 3.14 cm” tablet. Silicon and gold were used as the standard
for the reflection angle. The cathode was placed in the elec-
trolyte cell for in situ XRD measurement as shown in Fig. 1.
XRD patterns were recorded with a Rigaku diffractometer
(Rad-yA) for V,Os powder and a Rigaku diffractometer
(CN2013) for in situ measurement using monochromatic Cu
Ka radiation. The V,05 electrode was reduced by applying
a 0.50 mA/cm? cathodic current for 0-V,05 and 0.32 mA/
cm® for O;-V,0s. and in situ XRD measurement was carried
out at room temperature. In the case of the diffusion coeffi-
cient measurement, the cathode was fabricated by mixing 71
wt.% V,0s, 14 wt.% graphite and 15 wt.% conductive binder.
The mixture was pressed onto a nickel mesh collector to make
a 1.33 cm” tablet. For both the in situ XRD and the diffusion
coefficient measurements were carried out in 1 M LiClO,/
propylene carbonate (PC) (Mitsubishi Chemical). The ref-
erence and counter electrodes were lithium foils, The diffu-
sion coefficient (D) was measured by applyinga —0.17 mA/
cm® cathodic pulse current for 15 min corresponding to
x=0.025 for GIT technique. Impedance was measured by
applying 10 mV between 100 kHz and 1 MHz for the AC
technique at 30 °C. Open-circuit voltages (OCV) as a func-
tion of composition were obtained by a constant current of
—0.17 mA/cm® and equilibration on open circuit for 6 h.

3. Results and discussion

3.1. XRD measurement

In Fig. 2. the XRD patterns of four types of V,0O, are
shown. Those for e-V,05 and O;—V,05 show the same dif-
fraction patterns, and coincide with that of V,O5 prepared by
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Fig. 2. XRD patterns of four types of V,0; .

the reaction of metallic vanadium and hydrogen peroxide
[9]. The structure of the e- and O;—V,0, seems to be inter-
mediate between those of orthorhombic (0-V,0:) and a-
V,05-P,0s. Itis noted that all reflection peaks of e- and O~
V.05 compounds coincide in the 28 angle with the (/4k0)
reflection of 0-V,0s except for a strong peak at about 7.6°
and a weak peak at 23.4°. The patterns for both e- and O;—
V.05 compounds are characterized by a diffuse peak shape,
rising rapidly and then continuously decreasing toward the
high angle side. These features indicate that the compound
has taken a random layer lattice structure, which consists of
layers (a—b) arranged at equidistant and in parallel. but ran-
dom in translation parallel to the layer and rotation about the
normal c-axis [ 14]. In such cases, there will be a crystalline
reflection of (001). a two-dimensional lattice refiection of
(hk) and no general reflection of (hk!/). Thus, the peaks at
7.6° and 23.4° may correspond to (001) and (003) reflection
[10]. The lattice parameters of O4~V,Os are a=11.6 A,
b=3.62A,andc=11.6 A, respectively. These values ¢ and
b are slightly greater than those for ¢-V,0s, while the value
of ¢ is much higher than that for 0-V,05 (¢ =4.37 A) and is
close to that known for the interlayer distance in the V,Os
xerogel containing water molecules. By thermogravimetric
analysis, it was found that O;—V,O; contains about (0.5 mol%
of water. Thus. a water layer is surmised to be present between
two planer layers, which enlarges the value of ¢ in O;—V,0;
in comparison with 0-V,0s. The XRD peaks at 7.6° due to
(001) and at 23.4° due to (003) observed in air shifted to
9.9° and 31°, respectively, in a dry argon atmosphere or in an
electrolyte solution. These results indicate that O,—V,0s is
unstable in air, and absorbs water to change its structure. It
is therefore important to study the changes in structure of O;—
V.05 during the discharge process by in situ measurement
without removing the cathode material. Before measuring the
change in the structure of O,-V,0s;, the changes in 0-V,0;
during the discharge process were studied by in situ meas-
urement. The change in XRD patterns of 0-V,Os at various
values of x are shown in Fig. 3. As Li™ intercalated into o-



676 Y. Saro et al. / Journal of Power Sources 68 (1997) 674-679

&
£ 0
§ 0.09
k=] 0.260.18
10.44 035
0.53
0.62
0.71
0.80
0.88
0.98
1 1 1 L J i | 1 1 I L i | 1 Il 1 Il 1o7
20 25 30 35 40
260 /deg
Fig. 3. In situ XRD patterns of 0-V,O< at various states of discharge.
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Fig. 4. In situ XRD patterns of O;-V.0O; containing S1 powder at various
discharge/charge states.

V,0s, the diffraction peaks of (011) and (101) shifted to
lower angles, with the latter disappearing at about x=0.8.
The peak at 31° split at x=0.3-0.4. At x=0.8-0.9, new dif-
fraction peaks appeared at 24°, 27.5°, 30° and 36° suggesting
that the crystal structure changed at these stages. These XRD
pattern changes are consistent with those obtained by Coc-
ciantelli et al. [15]. Namely, during the initial stage of the
discharge, a rhombic-form phase appeared, which seems to

change to e-V,0;5 at about x=0.3, and then to 8-V,0Os at
about x=0.8-0.9.

Figs. 4 and 5 show the in situ XRD pattern changes of O
V,0; for the discharging and charging processes, and the
changes in lattice parameters obtained by these XRD patterns.
The (hk0) reflection peaks shifted to lower angles and the
reflection of (003) and (004) shifted to higher angles
between x=0 and x=0.8, as Li™ is intercalated (Fig. 4),
indicating that lattice constants ¢ and & increased while ¢
decreased (Fig. 5). Starting at an x~ 0.8, the reflection of
!=0 broadened and finally disappeared, while the reflection
peaks of (003) and (004) did not disappear, but shifted to
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Fig. 6. In situ XRD patterns of O.—V,0« containing Au powder at various

states of discharge.

lower angles. and lattice constant ¢ started to increase. These
behaviors closely corresponded with changes in diffusion
constant for O,—V,0s, as is discussed later. At about x =0.8,
the initial structure is destroyed by Li* insertion and a new
phase seems to appear, which may interfere with Li ™ diffu-
sion. At x~ 1.4, a new peak appears at 47° even though it is
not that clear, since it is disturbed by the reflection of Si. After
being changed from Si to Au as the standard for the reflection
angle. the peak appeared more clearly, which may be due to
a new structure (Fig. 6). However. the assignment of this
peak at47° is still unknown. During the charging process, the
XRD patterns followed almost a reverse of the traces seen in
Fig. 4. The structure of the O;-V,0O5 seems to hold for
charge/discharge cycling between x=0 and x=1.8. Actu-
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ally. the cycleability of O;-V,0O;5 is better than that of 0-V,O5
{8]. The value of c at x=01s 8.7 A as seen in Fig. 5 and is
different from that (11.6 A) obtained by the XRD patterns
shown in Fig. 2. The former value is obtained for the dried
state sample, and the water content present between two
planer layers is probably small. while the latter value is
obtained by the XRD spectrum measured in atmosphere and
awater layer to be present between two planer layers, increas-
ing the value of c.

3.2. Changes in diffusion coefficient

The open-circuit potential changes for four types of V,0;5
needed for the calculation of the diffusion coefficients and
the first discharge curves are shown in Fig. 7. When the cut-
off voltage is 2.0 V, both the capacities of the e- and O;—
V.05 compounds are 250-260 mAh/g for ten cycles. These
capacities are higher than those for 0-V,Os and a-V,04-P,0s.
The potential change due to Li™ intercalation is reasonable,
as suggested from their cyclic voltammograms [8] i.e., those
tor the e~ and O3—V,0; compounds are intermediate between
0-V,05 and a-V,05-P,0s. The potentials of both the e- and
0;-V,05 compounds decreased steadily with the slope
changing at about x=0.9. Using the differences in potential
between at x=0 and x, and other parameters, the chemical
diffusion coefficients (D) for the four types of V.05 were
obtained (Fig. 8). In the case of 0-V,05. D changed dramat-
ically. This behavior coincided with information found in
Ref. [16], and almost corresponding to the in situ XRD
results mentioned above. The change in D is caused by a
change in the crystal structure due to the insertion of Li *. At
first, D decreased as Li* intercalation progressed, which
might be due to interference by Li™ already intercalated into
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Fig. 7. Open-circuit potential changes and first discharge curves of four types of V.05 at 30 °C.
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Fig. 8. Changes in chemical diffusion coefficient (D) of Li* vs x at 30 °C in four types of V,0¢ (O) GIT technique, and (C1) AC techmque.

the 0-V,0s layers. At x~0.2, D began to increase. which
suggests that a structure change from a- to eV,0; [15]
occurred and that new space to accommodate Li* was
formed. A similar structure change occurred at x ~0.8-0.9,
when 8-V,05 appeared [15] and the value of D started to
increase. With a-V,0s—P,0s, D did not change as much as
expected from the OCV curve, e.g. the a-V,05—P,0; structure
is resistant to a structural destruction by Li™ insertion. As
expected from the OCV curves when x increases to ~0.8,
the change in D for both the e- and the 0.—V,05 compounds
was not as great as that for c-V,0s. Betweenx=0and x= 0.8,
D maintained a relatively high value in the order of 10"
cm?/s and then decreased to (107'°-107"") c¢cm?/s. This
suggests that a structural change occurs at about x=0.8,
which corresponded to the in situ XRD change (Figs. 4 and
5). From the four cases of the ) measurement. it was found
that the GIT and the AC techniques provided almost the same
values, therefore being considered as reliable techniques.

4. Conclusions

Structural changes due to the discharge process for V,0x
prepared from a VOSO, solution by ozone oxidation (Os—
V.0s5) was not so that remarkable up to x ~ 0.8. Structural
change occurred at x> 0.8. The change in the chemical dif-
fusion constant of O;—V,0s due to Li* intercalation was
consistant with the above change. Changes in the chemical
diffusion coefficients of other types of V,0Os, i.e. orthorhom-
bic, electrochemically prepared and amorphous V,0Os were
also measured and the change due to Li* intercalation was
examined.
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