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Abstract

A synthetic form of the mineral hewettite was prepared via a new route in aqueous medium, starting either from the crystalline
compound Li; ;V50g, or from its amorphous precursor. The anhydrous, crystalline derivative Cag 5V30g was obtained by heating
the synthetic hewettite at 250°C under dynamic vacuum. The diffraction studies show that the 2D structure of Cag sV3;0g involves
the same V30g layers as in the hewettite or in Li;, ,V30g. The stacking of the layers is similar to that in the metahewettite. A
structural model is proposed, where the Ca>" ions occupy octahedral sites in the interlayer space. The electrochemical behavior of
Cag.5V30g vs. lithium insertion is presented. It is original and reveals particularly good performances in terms of stability during
cycling at C/5 rate. The homologues obtained with Mg or Ba, instead of Ca, are briefly presented.

© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Li; +,V30g material has been extensively studied for
its lithium insertion properties, as it shows high
capacity, acceptable cyclability, and high rate capability
[1-4]. This oxide has a layered structure, with the
anionic V3Og layers held together by Li* ions mainly in
octahedral sites in the inter-layer space [5,6]. The lithium
ions show ion exchange properties: we previously
described the synthesis and the characterization of
compounds where Li is partially replaced by divalent
Mg, Ca, or Ba cations [7]. The lithium insertion
properties of these compounds Lil,zxM,IYIH},V3Og
(M =Mg, Ca, Ba) being of interest [7], it was deemed
worthwhile to prepare and study the fully substituted
homologues. As a matter of fact, complete Li—Ca
substitutions in Li;4+,V30g (2 close to 0.1) were
obtained during several attempts to prepare Lijj_»,
Ca,V;0g (0.1 <x<0.3), thus indicating possible routes
of preparation.

With a formula roughly M,sV;0z and with a
structure similar to that of Li;;,V30g, the expected
compounds would be closely related to the hewettite
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group [8]. Hewettite, CaVO4-9H-0, is a hydrated
mineral, with monoclinic symmetry, from which
other hydrates with a lower water content have been
obtained, in particular the metahewettite CaV¢Oiq-
3H,O [9]. A structural study was performed on a
sample of hewettite, relatively well crystallized, of
composition CaV¢O;6-7H,O [10]. It reveals that the
structure is characterized by the stacking of V5Og layers
similar to those in Li;+,V303 and by the presence of
Ca and H,O between the well separated layers. For a
review on the crystal data in the hewettite group, see
Refs. [9,11].

Several papers have described conditions of precipita-
tion of synthetic members of the hewettite group from
aqueous solutions of metavanadates [12-16]. According
to the studies of the thermal dehydrations and decom-
positions, in air, of MVOs-nH,O (M =Mg, Ca, Ba),
these hydrates begin to decompose before complete
dehydration [17-21]. To our knowledge, the anhydrous
forms M 5V30g have not been isolated nor described in
the literature.

Other authors have reported electrochemical and
chemical insertion of Li or Mg in solids of composition
MVsOi6-nH,O (M =Mg, Ca) [22-25]. According to the
data reported in the Mg case [22], these solids are not
hewettite group members.
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This paper is mainly focused on the preparation of the
new, anhydrous compound Cag 5V3Og, on its structural
characterization, and on its lithium insertion behavior.
Preliminary results obtained for the Mg and Ba
homologues are briefly mentioned.

2. Experimental

The chemical analyses of Li, Mg, Ca, and Ba were
performed by inductively coupled plasma atomic
absorption spectrometry (ICP-AAS). The oxidation
state of V was determined by potentiometric titration
using a Ce'V sulfate solution [26]. EDX analyses with a
JEOL 5800SV scanning electron microscope (SEM)
were used to determine the vanadium and (as a check)
the divalent cation contents.

The SEM images of the samples were taken with a
JEOL 6400F scanning electron microscope. The TG and
DSC analyses were performed using a SETARAM TG-
DSC 111 system, at a heating rate of 2K min~', in air.

The line positions and intensities were determined
using the program Prolix [27]. The cell parameters were
least-squares refined using the program U-Fit [28]. The
powder X-ray diffraction (XRD) data were recorded
using CuKo radiation for approximately 15h, with a
Siemens D5000 diffractometer for the hydrated com-
pounds. An INEL system was used for the dehydrated
derivatives, which were in a silica capillary tube filled
and sealed under argon atmosphere. The selected area
electron diffraction (SAED) patterns were obtained
using a Philips CM30 microscope.

For the electrochemical study, the positive electrodes
were prepared by mild grinding of the active material,
followed by mixing with carbon black (Super P from
Chemetal) and binder (polyvinylidene difluoride:
PVDF) with the massic ratio (85:10:5), and coating the
mixture onto an Al disk serving as the current collector,
as described in Ref. [29]. Such electrodes were vacuum-
dried at 250°C for 1h before entering a dry Ar glove
box. Two-electrode Swagelok test cells [30] using
the positive electrode, a porous paper soaked with the
electrolyte as the separator, and metallic lithium as the
negative electrode were assembled in the glove box. A
1M solution of LiPFg in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (70:30) (Merck) was used as
the electrolyte. All voltages given in the text are reported
vs. the Li™/Li negative electrode.

Electrochemical Li insertion and cell cycling were
performed at 22°C, and monitored by a Mac-Pile"
system [31] in galvanostatic mode. The voltage range
used was 3.7-2V. A chronoamperometric study in
potentiodynamic mode (Potentiostatic Intermittent Ti-
tration Technique: PITT) was realized at 20mVh ™'
during both discharge and charge.

3. Results and discussion
3.1. Synthesis of Cay sV30s-nH,0

An aqueous solution of Ca(NOs),-nH>O in large
excess (10 times) was prepared with ultra pure water.
The precursor first used was Li; ;V30g prepared by
annealing at 350°C in air for 10h a freeze-dried gel
obtained according to the procedure proposed by
Pistoia et al. [32], and modified by West et al. [33]. This
precursor is, hereafter, named SG350. Two hundred
milligrams of the precursor was then added to 100 ml of
the solution and the suspension was stirred at 50°C for
Sh. The solid product, readily formed, was stable in the
aqueous solution; it was separated by filtration, followed
by washing with ultra pure water, and dried in air.

In fact, the same product was also obtained by simply
using the freeze dried gel as a precursor, i.e. without any
thermal treatment. Note the freeze dried gel is amor-
phous and hydrated, so that the reaction processes
between the lithium vanadate and the aqueous solution
are necessarily different for the two precursors (gel or
SG350).

In the SG350 case, there is no reason to suppose that
the reaction is simply a Ca-Li ion exchange. On the
contrary, as indicated by the following results, we may
suppose that the SG350 phase disappears (for example it
could return to a gel form in the aqueous solution)
before or during the formation of the final solid. First,
the chemical analyses show the final solid product is no
longer a bronze. Its V'Y and Li contents are negligible.
The experimental atomic ratio Ca:V was found in the
range 0.46:3-0.48:3, i.e. slightly less than 0.5:3, suggest-
ing the probable presence of a few protons ensuring
the electric neutrality in a formula close to Cags
V305 - nH»0. Secondly, Fig. 1 shows the final compound
consists of well developed crystals (rods up to 1 um long
Fig. 1a), very different from those of the crystalline
precursor SG350 (Fig. 1b). This final aspect is the same
whatever the precursor (gel or SG350). These features
indicate that crystals of the new phase form and grow
during the preparation reaction.

A few tests showed that a hydrothermal route leads to
a product which seems identical, when 150mg of a
stoichiometric mixture of V,05 and Ca(OH), are held at
200°C in 5ml of H,O for 10 days.

3.2. Characterizations

The substituted solid obtained is a hydrate, with a
water content which reversibly varies with the relative
humidity, and with the temperature, as expected for a
layered compound likely similar to the hewettite [34].
TG and DSC analyses were performed for comparison
with the previous results, and to determine a thermal
treatment to obtain the anhydrous derivative without
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Fig. . SEM images of Ca,5V30g (a), and of the precursor SG350 (b),
at the same magnification.
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Fig. 2. TG and DSC curves of the Ca hydrated compound (under air,
at 2K min™").

destruction of the layered structure. The curves of Fig. 2
are quite similar to those reported in Ref. [18] for a
synthetic hewettite; they show that the weight loss
occurs mainly with two endothermic phenomena around
70°C and 190°C and ends slowly from 220°C to 350°C.
The powder XRD pattern of the final product at 590°C
shows the formation of a mixture of CaV,04 and o
V,0s, so that the exothermic peak near 400°C likely
corresponds to the irreversible thermal decomposition.
Thus, for a complete dehydration while still preserving
the layers, a heat treatment at 250°C under dynamic

vacuum for 1 h was retained. A TG curve obtained for a
sample thus dehydrated showed no residual water loss.

For a formula CagsV3;0g-nH>O, the TG curve
corresponds to n = 3.8, for a sample exposed for several
days to the air moisture at room temperature. This
water content is intermediate between those previously
reported (3.5 [10] and 4.5 [34]) for hewettite. The
inflexion point with a pseudo-plateau at 120°C (Fig. 2)
indicates the existence of a particular hydrate with n =
1.5, which corresponds exactly to the content reported
for the metahewettite [35], a less hydrated form of
hewettite.

Fig.3 shows the powder XRD patterns of the
hydrated (a), and dehydrated (b) samples, and of
Li; 1V30g SG350 (c). The intense line at low 26 angle
indicates the inter-layer distance. The XRD pattern of
the hydrated phase is that of a hewettite: it is similar to
PDF 84-2134 [10] and almost identical to PDF 35-0564
[36]. The powder XRD pattern of the dehydrated
compound CagysV30g presents noticeable similarities
with that of the precursor Li; ;V305. However, the cell
parameter refinement does not lead to satisfactory
results when the starting parameters used are those of
Li; +,V50g. In particular, some weak diffraction peaks
observed cannot be thus explained.

A precise structural study being precluded by the low
level of crystallinity, an electron diffraction study was
performed, in particular to verify that the periodicity
within the layers is close to that in hewettite or
Li; +,V;0s. The crystallites are platelets elongated along
the b axis. When the electron beam is nearly perpendi-
cular to the platelet, the diffraction pattern agrees fairly
well with the expected layer periodicity with, however,
the systematic absences of reflections shown in Fig. 4.
The diffraction condition observed is 0k;/; : k; + [; = 2n
(assuming the layer periodicity is given by the mono-
clinic » and ¢ axes as in Li;;,V30g). The expected
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Fig. 3. Powder XRD pattern for: the hydrated calcium phase (a), the
dehydrated one (b), and Li; ; V3053 SG350 (¢).
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Fig. 4. Electron diffraction (SAED) pattern of Ca, sV;0g ([1 0 0] zone)
showing the systematic absence of reflections. The axes are consistent
with the unit cell noted I in Fig. 5.

Fig. 5. [010] view of the hypothetical structure of CaysV3;0g. Small
and large circles represent V" and O atoms, respectively; light and dark
circles indicate y = 0 and 1/2, respectively. P indicates the unit cell of
Li;+,V30g (space group P2;/m); I and C indicate possible cells for
Ca, 5V;0g associated with space groups 12/m and C2/m, respectively.
Site 1 is the hypothetical octahedral site of Ca, and 2 indicates a region
of interconnected cavities which form a tunnel parallel to the b axis.

symmetry being monoclinic (or less), the condition is
interpreted as coming from the global condition Ak;l; :
hy + ky; + I = 2n (where the subscript / indicates a body
centered lattice), which implies a particular stacking of
the V;30g layers: as compared to the hewettite and
Li;+,V3Og (space group P2;/m), every second V;Og
layer is shifted by /2. The relevant conventional space
group is C2/m, and the unit-cell shown in Fig. 5 is

consistent with this symmetry. This figure illustrates the
hypothetical structure we propose for Cag 5V3Og. It was
obtained in the following manner:

(1) the V5Og layers are those in Li; 4+, V305 (similar to
those in hewettite), i.e. they are built from chains of
VOg¢ or VOs5 polyhedra (see Fig. 5) sharing edges
and vertices, and running parallel to the b axis [5,6];

(2) they are stacked according to the C2/m symmetry;

(3) owing to the XRD pattern the interlayer distance is
6.65A;

(4) the p angle retained is the one consistent with
acceptable O-O distances between oxygen atoms of
adjacent layers. This angle leads to an octahedral
site fairly well adapted to Ca, which was supposed
to occupy this site.

With this hypothetical structure, the cell-parameter
refinement is satisfactory and all the lines of the XRD
pattern are explained (Table 1). Fig. 6 shows the powder
XRD patterns: (a) experimental and (b) calculated using
the program PowderCell [37], with the hypothetical
structure and the cell parameters: a = 17.66(1)A,
b=3.621(1)A, ¢ = 12.346(6) A, = 131.15(4)° (consis-
tent with space group C2/m). Note the layer parameters
b and c are slightly larger as compared to Li; ;V;0g
(b =3.5932(3), ¢ =11.993(1)), and the structure con-
tains tunnels, parallel to the b axis (see region 2 in
Fig. 5), and well adapted to a high mobility of Li.

3.3. Electrochemical Li insertion properties of Cay sV;30g

The electrochemical behavior vs. lithium insertion has
been studied for Ca, sV30g. The variation of the voltage
vs. insertion capacity obtained for this compound
during the first two cycles at C/50 rate is presented in
Fig. 7(a). The total inserted capacity expressed as a
number x of Li per formula unit is 2.8 Li during the first
discharge (the complete reduction of VYV to V'V
corresponds to x = 3). This capacity of 2.8 Li is not
fully recovered (only 1.9 Li) during the subsequent
charge. The subsequent cycles are similar to the second
one, shown in Fig. 7(a) with dotted lines. The incre-
mental capacity, deduced by derivation of Fig. 7(a), is
presented in Fig. 7(b) for the two first cycles. The first
discharge is marked by two phenomena: the first one by
a broad peak which occurs about 3 V and the second one
by a narrow peak at 2.50 V. During the first charge, an
equivalent of this narrow peak is observed, slightly
shifted from 2.50 to 2.58 V, but there is no equivalent of
the broad 3V discharge peak; only some residual
current is measured between 3.0 and 3.7 V. During the
second cycle the 3V broad peak observed at first
discharge is replaced by a shoulder at 2.8-2.9V, and
the main phenomenon is detected at ~2.53 V. Thus the
irreversible loss of capacity at the first discharge mainly
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Table 1
Powder XRD data for CagsViOg; a = 17.66 A, b =3.621 A, ¢ = 12.346 A, f = 131.15° space group C2/m
h k ! dos (A) deate (A) /1 h k ! dos (A) deate (A) /1
0 0 1 9.249 9.296 15 8 0 -3 2.176 2.179 14
2 0 6.632 6.647 100 -5 1 5 2.035 2.038 14
2 0 -2 6.137 6.164 5 0 0 5 1.857 1.859 6
4 0 -3 3.870 3.867 25 0 2 0 1.810 1.810 49
-1 1 1 3.471 3.474 40 2 2 0 1.748 1.747 13
1 1 1 3.105 3.099 98 4 2 -3 1.639 1.640 3
-3 1 1 3.059 3.060 25 4 2 —4 1.561 1.561 8
-3 1 2 3.026 3.021 38 —6 2 3 1.541 1.541 16
6 0 -3 2.936 2.934 51 6 0 -8 1.521 1.519 13
3 1 -3 2.713 2.717 6 7 1 1 1.509 1.508 2
5 1 -2 2.525 2.520 6 6 2 —1 1.480 1.480 5
4 0 -5 2.448 2.448 4 —4 2 5 1.456 1.456 11
3 1 —4 2.326 2.328 12 2 2 -5 1.399 1.400 21
2 0 =5 2.209 2.206 34
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Fig. 6. Powder XRD patterns of CagsV3O0s: experimental (a); 3
calculated with the proposed structure (b). L
Sr charge ]

concerns the phenomenon around 3 V. During the next
cycles the 2.8-3.0 V process has totally disappeared.

The PITT study (see Fig. 8) confirms the phenomena
of the first cycle, and gives more detailed information.
At voltages between 3.2 and 2.8V, the It—¢ peak (I is
the current at the end of each voltage step), and thus the
Ir—V peak, has an asymmetrical shape (see Fig. 8a).
Moreover, the shape of the absolute current decay with
time is different in the ascending part and in the
descending part of the peak. It is the signature of a first
order transformation [38,39]. The shape of the current
decay with time in the ascending part of the peak gives
information on the kinetics of the 3V process, as well.
The quasi-linear current variation indicates that the Li
insertion process is kinetically limited by Li diffusion
within the new phase that forms at the surface of the
grains [38,39]. The same observations apply to the
reversible 2.5V discharge (see Fig. 8a) and charge
process (Fig. 8b), thus indicating that its Li insertion
mechanism is also two phased with a kinetic limitation
by Li diffusion in the new phase.

dx/dVv

€ Voltage (V)

Fig. 7. Voltage versus Li composition (a) and incremental capacity
versus voltage (b) curves obtained for Cay 5V3;O0g during the first two
discharge-charge cycles in galvanostatic mode at C/50 rate.

The cycling behavior of CagsV30g is presented in
Fig. 9. The initial rate was C/50 for the first two cycles,
followed by a few cycles at C/20, and finally cycles at
C/5. This increase of the cycling rate leads to a small
capacity drop, indicating that the measured capacity has
a slight kinetic limitation. Apart the initial capacity loss,
the capacity of 125mAhg ' remains constant upon
cycling at C/5. The major capacity drop comes from the
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Fig. 8. PITT curves with chronoamperometric evolutions obtained for
Cag 5V;0g during the first discharge (a) and the first charge (b).
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Fig. 9. Variation of the capacity, expressed in mAhg~', recorded
during galvanostatic cycling at various successive rates (the two first
at C/50, followed by a few at C/20 and finally at C/5 in discharge
(C/10 in charge)).

irreversible loss of capacity at the first cycle, due to the
irreversibility of the 3V two phase transformation
leading to 0.9 Li per formula unit trapped in the
structure.

3.4. Remarks on the Mg and Ba homologues of
Cay 5V30s

When the preparations were performed using
Mg(NO3), or Ba(NOs3), instead of Ca(NO;), for the
reaction with Li; ;V3Og, the solids obtained also showed
the behavior of layered hydrates, as in the Ca case.
These Mg or Ba compounds are of lower crystallinity.

Table 2
Unit-cell parameters (monoclinic symmetry) refined for the dehydrated
phases. b and ¢ give the layer periodicity

M a(A) b (A) ¢ (A) B () 4)
Mg 17.66 (1) 3.601(2) 12.107(9) 127.27(7) 0.026
Ca 17.66(1) 3.621(1) 12.346(6) 131.15(4) 0.018
Ba 18.47(6) 3.611(3) 12.33(2) 129.3(2) 0.037

A is the mean error in 26.

The powder XRD pattern of the Mg compound is quite
similar to that given in Ref. [12] for MgV40,¢-9H,O
(PDF 46-0281). The powder XRD patterns of the
hydrated or dehydrated samples are rather well ex-
plained assuming their structure is similar to that of the
title Ca compound, since the cell parameter refinements
for samples dehydrated at 250°C for 1h under dynamic
vacuum lead to the results in Table 2.

The EDX analyses of V and M (M =Mg or Ba) in
several samples, however, revealed (i) significant varia-
tions of the M : V ratio, and (ii) values of M : V in the
range 0.54:3-0.60:3, i.e. values significantly higher than
that expected, so that more work is still needed
concerning the formulas and the structures of these
phases. Note an atomic ratio M : V of 0.6:3 was already
reported for a Ba member of the hewettite group [11].
The Mg and Ba compounds were arbitrarily dehydrated
at 250°C for 1h, as for Cags5V30g. Preliminary tests
showed the electrochemical behaviors of these Mg and
Ba samples are similar to that of Cag 5V30g. The smaller
the cation, the larger the reversible capacity at the first
cycle. No cycling capability has been obtained for the
Mg compound, probably due to the presence of residual
water despite the thermal treatment. For the Ba
compound, the capacity is constant on cycling at C/5
rate but smaller than that obtained for Cag sV305 (0.9 Li
for Ba instead of 1.4 for Ca).

4. Conclusion

Via a new route, a compound of composition close to
Ca( sV;30g-nH,O was prepared in aqueous medium. It
appears as a synthetic hewettite. Its structure together
with that of the new, anhydrous derivative CagsV3Og
are closely related to that of Li; +,V30s. The structural
model described for CagsV;Og is original and agrees
with the observations from the diffraction studies. Mg
and Ba compounds have the parent structure. Some
further complementary experiments are necessary to
determine their exact composition.

The three dehydrated compounds, with Mg, Ca, or
Ba, have been studied vs. lithium insertion. They exhibit
good lithium insertion properties, prior to any optimi-
zation. The complete study performed for CagsV;0g
shows an original behavior, i.e. different from that of
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Li; +,V30g. The calcium compound CagsV30g shows
one main reversible two-phase Li insertion phenomen-
on. It has the best behavior, particularly in terms of
cycling with a stable capacity of 125mAhg~! at C /5
rate.
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