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a  b  s  t  r  a  c  t

The  �-modification  of  Li3VF6 is easily  prepared  following  a  precipitation  reaction  at  moderate  temper-
ature  avoiding  the  high  temperature  route  normally  used  for preparing  related  fluorides.  Precipitation
conditions  for  Li3VF6 have  been  optimized  for  two  different  alcohols  to  obtain  better  electrochemical
performances.  Temperature  has  been  found  to  play  an  important  role  in the progress  of  precipitation
reaction  and  in  the  phase  purity  of  the resulting  product.  Best  results  were  achieved  for  2-propanol  based
solutions at  60 ◦C and  for ethanol  based  solutions  at 45 ◦C containing  VCl3, HF(aq) and  Li2CO3 as  starting
compounds.  In  both  cases  large  agglomerates,  though  of  different  size  and  shape,  are  obtained.  These are
composed  of  smaller  particles  of  20–30  nm.  Electrochemical  performances  of  as  prepared  Li3VF6 materials
as electrode  in  lithium  rechargeable  batteries  are  modest  with  a maximum  capacity  of only  30  mAh  g−1.
However,  processing  these  materials  by  ball  milling  with  carbon  allows  the  capacity  to increase  to  its
theoretical  value,  144  mAh  g−1, accordingly  to the  complete  reduction  of V3+ to V2+.  The  observed  average
reduction  potential  for V3+ to  V2+, 2  V, may  be  certainly  higher  than  that  found  in  oxides  but  not  high
enough  to  be  considered  for  application  as  the  positive  electrode.  However,  Li3VF6 is  then  another  exam-

ple  of  the  �-Li3MF6 type-structure  hosting  lithium  through  an  electrochemical  insertion  reaction.  On  the
other  hand,  reversible  oxidation  of  V3+ through  lithium  de-insertion,  which  would  lead  to  the  formation
of  Li3−xVF6 phases  has  not  been  successful  yet. Taking  into  account  the  redox  intercalation  chemistry  of
vanadium  in  oxides,  the reversible  reduction  of V3+ to  V2+ and  the  irreversible  oxidation  of V3+ to V4+ in
the  herein  presented  fluoride  make  a significant  difference  derived  from  the  nature  of  the  non  metal  X.

s  is  a
Then, research  of  fluoride

. Introduction

Increase of energy of present batteries can only be achieved
y using cathodes with higher redox potentials or higher capac-

ty. Research of new structures containing the well known high
r low redox potential couples Ni3+/Ni4+, Co3+/Co4+, Ti4+/Ti3+, etc.
s the most common approach to innovative oxide materials with
mproved capacity, reversibility, etc. [1–10]. On the other hand,
ncrease of the redox potential of a given metal couple has been
ttained by means of the inductive effect displayed on the M O
ond. This has been successfully applied to the development
f phosphate and silicate based cathodes and other polioxoan-
onic materials [11–13].  However, significant increase of the redox
otential can be also achieved for a given metal by increasing the
onicity of the M X bond. In this connection it is well known that
he high ionicity of the M F bond produces a high redox poten-
ial of the respective transition metal [14,15]. Thus, the operating

∗ Corresponding author. Tel.: +34 91 3724728; fax: +34 91 351 0475.
E-mail address: flaga@ceu.es (F. García-Alvarado).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.01.148
 path  to  find  new  chemistries  for  lithium  batteries.
© 2012 Elsevier B.V. All rights reserved.

voltage of batteries using transition metal fluorides as the cathode
is expected to be higher than that for homologous oxides for the
same metal redox couple. Accordingly, high specific energies have
been already reported for several binary metal fluorides [14].

Ternary metal fluorides are also interesting from an electro-
chemical point of view and recent reports described their use as
electrodes for sodium batteries [16,17].  In this connection, we
have recently reported on the electrochemical lithium insertion
properties of new potential positive electrode materials in the
Li–Fe–F system: the ˛- and ˇ-polymorph of Li3FeF6 [18,19].  The
˛-polymorph (monoclinic) was found to be an advantageous mate-
rial, in as much as it can be prepared by precipitation from aqueous
solution at 25 ◦C. Particles with sizes ranging from 250 to 400 nm
(and larger but always submicrometric), were obtained following
the reported precipitation route [18]. Nevertheless, extended and
reversible lithium insertion was  not observed until the as prepared
samples were mechanically milled with carbon. The original par-

ticle size (ca. 250–400 nm)  was reduced to ca. 50 nm after milling
�-Li3FeF6 with carbon for 12 h and 70% of theoretical quantity of
lithium could be inserted after this processing accompanied by
the partial reduction of Fe3+ to Fe2+. A modified synthesis method

dx.doi.org/10.1016/j.jpowsour.2012.01.148
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:flaga@ceu.es
dx.doi.org/10.1016/j.jpowsour.2012.01.148
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o Li3FeF6 involving precipitation with ethanol has been recently
escribed [20]. However, in that work no further details were given
hether the synthesis conditions used by the authors produced
anocrystals suitable for lithium insertion without further need of
eduction of particle size by extended milling, coating with car-
on, etc. More recently the full capacity of �-Li3FeF6, 140 mAh  g−1

as achieved for samples precipitated at 0 ◦C and using mixtures of
ater and 2-propanol as precipitation media [21]. Though 20 nm
articles were formed upon precipitation, these were agglomer-
ted in a raspberry-like morphology (200 nm diameter). Finally,
reaking the large agglomerates and providing a proper mixing
ith carbon by ball milling, enabled the intercalation in the 20 nm
articles to reach the full capacity corresponding to the complete
eduction of 1 Fe3+ to Fe2+.

Note that the high ionic nature of the M F bond is clearly advan-
ageous to produce high energy cathode materials, but one of the
rawbacks is that most of these fluorides are insulators. This prob-

em has been overcome at present for other cathode materials as for
he commercialized LiFePO4 electrode. Several authors proved that
ome of the paths followed to overcome the limitations encoun-
ered for LiFePO4 can be effectively applied with success to fluorides
16–18,22,23]. On the other hand, we have recently shown that
roper optimization of the synthesis procedure, did not only enable

ntercalation in insulating fluorides but also allowed the theoret-
cal capacity to be reached at acceptable current rates [21]. These
esults encouraged us to search for other ternary fluorides to gain
nowledge on the intercalation abilities of these materials that have
eceived limited attention in the past decades.

It is now even clearer that synthesis procedures are key fac-
ors to be investigated in order to find new intercalation materials
pening a path to new electrode materials for lithium rechargeable
atteries. The present work addresses this new topic through the

nvestigation of synthesis conditions and electrochemical proper-
ies of another compound of the Li3MF6 family related to Li3FeF6.

e herein present the preparation of nano-Li3VF6 and its ability to
ntercalate 1 Li/formula at 2 V delivering a capacity of 144 mAh  g−1.
hough the output potential is not high enough to be useful as a
ew cathode, the ability of Li3VF6 to intercalate lithium, parallel-

ng Li3FeF6, is demonstrated. We  are presently investigating other
elated transition metal fluorides that release a redox potential,
igh enough to be used as cathode in lithium batteries.

. Experimental methods

.1. Preparation

The synthesis route used is similar to that described for the
onoclinic form, the ˛-polymorph, of Li3FeF6 [18,21], following a

recipitation reaction in aqueous solution accordingly to the chem-
cal equation:

Cl3 + 6HF + (3/2)Li2CO3 → Li3VF6

+ (3/2)CO2 + 3HCl + (3/2)H2O (1)

We used either 2-propanol or ethanol to precipitate the fluoride
n the instant based on the successful results obtained previously
or Li3FeF6 [21].

The complete procedure can then be summarized as follows:
.619 g of VCl3 dissolved in distilled water (typically 25 mL)  was
ixed with the stoichiometric quantity of an aqueous HF solu-

ion (40%). (Note that hydrofluoric acid is toxic and corrosive and
ust be handled with caution. Hence all operations were car-
ied out in a laboratory fume hood and using protective gear to
void contact and inhalation.) After adding Li2CO3 (stoichiomet-
ic amount) a transparent solution was obtained. This solution
as then held at constant temperature (0 ◦C, 25 ◦C and 60 ◦C). The
urces 207 (2012) 160– 165 161

fluoride was precipitated by adding 75 mL  of 2-propanol to the ca.
25 mL  solution containing the solved fluoride. Though precipitation
of a green powder started immediately, the solution was stirred for
5 min  to promote multiple nucleation. The obtained powder was
centrifuged, washed twice with small portions of 2-propanol and
finally dried at 60 ◦C overnight in a drying oven. An identical pro-
cedure was used for ethanol, but working at 0 ◦C, 25 ◦C and 45 ◦C,
respectively.

2.2. Structural and chemical characterization

Phase identification of as precipitated product and lithium
intercalated compounds was made by X-ray diffraction using a
X’Pert PRO PANalytical diffractometer operated at 45 kV and 40 mA,
equipped with a hybrid monochromator, working with CuK�1
(� = 1.54056 Å) radiation and a Bruker AXS’ LynxEye detector. The
selected 2� angular range was  4–75◦ with a 0.04◦/10 s scan rate
operated in continuous scan mode. Diffraction patterns were ana-
lyzed by full profile pattern matching [24] using the FullProf
program [25].

Morphological characterization was  carried out by means of
Scanning Electron Microscopy (JEOL JSM-6335F and JEOL JSM-
6400).

Samples were further characterized by thermal analysis to
obtain information concerning stability. Samples were analyzed
with a TGA/DTA Netzsch STA 409 apparatus by heating them at
10 K min−1 up to 600 ◦C under either air or flowing nitrogen (H2O
content ca. 2 ppm). XRD patterns of products after thermal treat-
ment were recorded.

2.3. Mechanical milling

Reduction of particle size and mixing with carbon have been
accomplished by grinding the as obtained products and conduc-
tive carbon with a planetary-type Pulverisette 7 ball mill (Fritsch
GmbH, Germany). The following conditions were used for differ-
ent dry milling times ranging from 1 to 12 h in air: sample weight,
1 g; grinding media, 2 balls with 10 mm diameter each; milling
media and chamber material, zirconium dioxide; volume of grind-
ing chamber, 20 mL;  mill speed, 500 rpm.

2.4. Electrochemical characterization

Electrochemical cells were used to investigate the possible
lithium insertion and de-insertion reaction of Li3VF6. Experiments
were performed in CR2032 coin cells where a lithium foil was used
as the negative electrode. For the positive electrode, either the as
prepared powder, manually mixed with carbon, or the compos-
ite obtained by ball milling were conformed as pellets by uniaxial
pressing. In all cases the electrode components were monoclinic
Li3VF6, carbon black and a binder (PTFE) in a 72:25:3 weight ratio.
A 1 M LiPF6 solution in EC:DMC (1:1) was  used as the electrolyte
(commercial battery electrolyte LP30, SelectiLyteTM). Cells were
run using a MacPile II system. The electrochemical behavior of
Li3VF6 composites was tested in galvanostatic mode, using a cur-
rent density of 0.1 mA  cm−2. Potentiostatic experiments were run
at 10 mV/0.5 h.

3. Results and discussion

Seeing that previous reports on Li3FeF6 indicated that the small-

est particle size was obtained at low temperature (0 ◦C), using
mixtures of water to 2-propanol ratio of 1:3 [18], these conditions
were first used to precipitate Li3VF6 accordingly to Eq. (1).  Con-
trarily to the results obtained for Li3FeF6 under these conditions
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Fig. 1. X-ray diffraction patterns of samples with nominal composition Li3VF6 pre-
cipitated from aqueous solution using 2-propanol in a 1:3 w:2p ratio at 0 ◦C (a), 25 ◦C
(b),  and 60 ◦C (c). Vertical bars in (c) indicate the positions of the Bragg peaks of the
phase �-Li3VF6 (S.G. C2/c). Marks on (a) and (b) correspond to the main diffraction
peaks of different forms of VF3·3H2O.
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Fig. 3. X-ray diffraction patterns of samples with nominal composition Li3VF6 pre-
cipitated from aqueous solution using ethanol in a 1:3 w:2p ratio at 0 ◦C (a), 25 ◦C

◦

solution (see Figs. 2 and 4). After ball milling Li3VF6 with carbon
ig. 2. Typical SEM image of �-Li3VF6 precipitated at 60 ◦C from a 1:3 water to
-propanol solution.

he precipitation product mainly consisted of rhombohedral vana-
iumfluoride trihydrate, VF3·3H2O, space group R3m (PDF card
69571) [26], exhibiting its main diffraction line at 2� = 17.86◦

nd its monoclinic form, space group C2, which was  previously
escribed for the analogous chromium compound, CrF3·3H2O (PDF
ard 170316) with its main diffraction line at 2� = 18.83◦ [27]. These
wo main peaks are labeled in Fig. 1a. Other additional diffraction
ines could be assigned to monoclinic �-Li3VF6. At 25 ◦C one of
he VF3·3H2O forms is stabilized and becomes the main phase of
he mixture (see Fig. 1b). However, as precipitation temperature
ncreased to 60 ◦C, single phase �-Li3VF6 was obtained as it can be
een in Fig. 1c for which every diffraction line can be assigned to �-
i3VF6. Refined lattice parameters for �-Li3VF6: a = 14.3631(8) Å;

 = 8.7162(3) Å; c = 10.0185(4) Å; ˇmono = 96.007(3)◦, space group
2/c, were in good agreement with those previously reported [28].

The scanning electron microscopy (SEM hereafter) image
epicted in Fig. 2 reveals the morphology of Li3VF6 obtained
t 60 ◦C. Particles of similar size, near to the micrometric range
ave been also reported for Li3FeF6 at the same precipitation

emperature, and reduction of particle size down to ca. 200 nm
as only possible by lowering the precipitation temperature

o 0 ◦C. Even though these big particles are composed by the
(b), and 45 C (c). Vertical bars in (c) indicate the positions of the Bragg peaks of the
phase �-Li3VF6 (S.G. C2/c). Marks on (a) correspond to the main diffraction peaks of
different forms of VF3·3H2O.

agglomeration of smaller particles, electrochemical Li insertion
performances are known to be very dependent on the starting
agglomerates size. Unfortunately, decreasing temperature using
2-propanol as precipitation agent always leads to the formation
of VF3·3H2O. Then, we have tried another alcohol to reduce the
synthesis temperature of �-Li3VF6.

Using water and ethanol in a 1:3 ratio at 0 ◦C the forma-
tion of rhombohedral and monoclinic VF3·3H2O is reduced when
compared to the experiments performed with 2-propanol for the
benefit of �-Li3VF6. At 0 ◦C the same mixture of phases obtained in
the case of 2-propanol is observed (Fig. 3a). Single phase �-Li3VF6
is already obtained at 25 ◦C (Fig. 3b). Higher precipitation temper-
atures (up to 60 ◦C) did not vary the result regarding phase purity.
As typical example of morphology and size a SEM image of a sam-
ple obtained by precipitation using a 1:3 water to ethanol ratio at
45 ◦C is shown in Fig. 4. It shows spherical raspberry-like agglom-
erates of ca. 450 nm,  which are similar to those found for �-Li3FeF6
[21]. However, the size of agglomerates of �-Li3FeF6, precipitated
at 0 ◦C (ca. 200 nm), was smaller than that of the present Li3VF6 (ca.
500 nm), which cannot be precipitated at such temperature due to
the formation of VF3·3H2O as secondary phase. It can also be seen in
the magnification shown in Fig. 4b that the agglomerates are com-
posed by particles in the 20–30 nm range as it was also the case of
�-Li3FeF6 [21].

Thermogravimetric analysis of �-Li3VF6 (not shown) indicates
that this fluoride hydrolyzes above 150 ◦C. At 500 ◦C hydrolysis is
complete in air while reaction is partial under nitrogen with small
amount of water. It seems that �-Li3VF6 is more hydrolysable than
�-Li3FeF6 for which hydrolysis was observed to occur above 200 ◦C
under the same experimental conditions.

Li3VF6, precipitated from either 2-propanol (60 ◦C) or ethanol
(45 ◦C), was  used for electrochemical tests in Li cells. The first dis-
charge of cells bearing as prepared �-Li3VF6 and two ball milled
samples as the active component of the positive electrode down to
1.4 V are presented in Fig. 5. It can be seen that the initial discharge
capacity of Li3VF6 obtained with ethanol (45 ◦C) is higher than that
obtained with 2-propanol (60 ◦C), which agrees with the smaller
size of agglomerates formed at lower temperature in ethanolic
for 5 h the discharge capacities of both samples still exhibit sig-
nificant differences, while both samples are able to intercalate ca.
1 Li per formula unit after ball milling with carbon for 12 h. This
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to ethanol solution (a) and a magnification showing a detail of an agglomerate (b).

c
p
a
a
2

c
w
w
v
l
t
c
s
o
c
o
f
d

F
o
o
m
d

Fig. 4. Typical SEM image of �-Li3VF6 precipitated at 45 ◦C from a 1:3 water 

orresponds to the theoretical capacity (144 mAh  g−1 for the com-
lete reduction of V3+ to V2+). The improvement of capacity is in
greement with the observed reduction of the size of agglomer-
tes as shown in Fig. 6 for �-Li3VF6 prepared by using a water and
-propanol solution in a 1:3 ratio at 60 ◦C.

Fig. 7a shows the first discharge–charge cycle of a �-Li3VF6/Li
ell. The active material corresponds to a sample precipitated in
ater and 2-propanol solution (1:3 ratio) at 60 ◦C which was after-
ards ball milled with carbon for 12 h. The profile of both curves

erifies the reversibility of the insertion reaction. However, the
arge polarization observed at high voltage points to a kinetic limi-
ation of oxidation reaction. On the other hand, a significant loss of
apacity is observed after the first discharge, while further cycling
hows that capacity is well kept (see Fig. 7b) after the capacity loss
f the first cycle. In any case, optimization of the electrode fabri-

ation will be needed for decreasing such a capacity loss. On the
ther hand, reversible oxidation of V3+ to V4+ with Li de-insertion
rom �-Li3VF6 has not been achieved under our experimental con-
itions. It is worth mentioning that, a very recent patent claims
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ig. 5. First discharge curves of Li cells bearing �-Li3VF6 in the positive electrode
btained by precipitation from a 1:3 solution of water and 2-propanol at 60 ◦C (a)
r  ethanol at 45 ◦C (b). As prepared materials milled manually with carbon (0 h) and
aterials processed by ball milling with carbon (5 h or 12 h) are presented. Current

ensity: 0.1 mA cm−2.

Fig. 6. SEM micrographs of �-Li3VF6 prepared using a water to 2-propanol ratio of
1:3 at 60 ◦C: as prepared (a), after 5 h (b) and 12 h (c) ball milling with carbon.
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ig. 7. (a) First discharge–charge cycle of a Li cell bearing as the positive electrode �-
i3VF6 milled for 12 h with carbon and (b) discharge (circles) and charge (diamonds)
apacity on cycling for the same cell. Current density: 0.1 mA cm−2.

hat such oxidation is possible in the 4.3–4.5 V voltage range [29].
nfortunately, no much more information can be extracted from

he published document in as much as electrochemical curves are
ot included.

Interestingly, the equilibrium reduction potential for �-Li3VF6
as seen to be located at 2.0 V, as determined from discharge

xperiments performed under open circuit voltage conditions (not
hown). This redox process is assumed to be due to V3+ → V2+ and is
lightly higher than the value reported for the reduction of V3+ dur-
ng Li insertion in LiVPO4F (1.8 V). These differences are explained

ith the higher inductive effect combined with increased ionicity
xerted by the pure fluoride environment of vanadium in Li3VF6.
hough the insertion voltage is not high enough to consider Li3VF6
seful as a positive electrode for lithium batteries, note that, the
3+/V2+ redox couple has practically not been found in intercala-

ion reactions of the most explored materials for lithium batteries,
.e. transition metal oxides, with the exception of recent reports of
ts use as the anode in aqueous lithium ion cells [30,31].  The most
ommon redox couples regarding Li insertion in vanadium oxides
re V5+/V4+ (3.4–3.2 V) and V4+/V3+ (2.9 V) for cathode applications
32–35].  Therefore, the result herein presented show that not only
otential but also unusual redox couples may  be found when dif-
erent non metals are bonded to the transition metal. Thus, the
horough search of halides in general terms and especially fluo-
ides or chlorides may  open a new path to innovative materials for
ithium batteries with new structure types.

. Conclusions

The fluoride �-Li3VF6 has been obtained through a precipitation
eaction at low temperature. This facile preparation route is advan-
ageous toward the high temperature synthesis route normally

sed for related fluorides. The material exhibits the monoclinic
-Li3MF6 structure, which was recently shown as new host to

ithium insertion. Precipitation conditions for �-Li3VF6 have been
ptimized for two different alcohols in order to obtain high purity

[

[

urces 207 (2012) 160– 165

samples with better electrochemical performances. Temperature
was found to play an important role in the precipitation reaction
and in the purity of the product. Best results were achieved for 2-
propanol based solutions at 60 ◦C and for ethanol based solutions
at 25–45 ◦C containing VCl3, HF(aq) and Li2CO3 as starting com-
pounds. Nearly micrometric agglomerates differing in size (from
500 to 900 nm)  and shape are obtained in both cases. Agglomerates
are composed of nanometric (20–30 nm)  particles. Electrochem-
ical performances of as prepared materials are poor and capacity
was  limited to 30 mAh  g−1. However, processing these materials by
ball milling with carbon largely improves the capacity in as much
as it allows the theoretical capacity, 144 mAh  g−1, to be delivered,
accordingly with the complete reduction of V3+ to V2+. The V3+/V2+

redox couple displays an average reduction potential of 2 V, which
is certainly higher than the same redox couple in oxides, but not
high enough to be considered for application. Interestingly, Li3VF6
is presented as new example of the �-Li3MF6 type-structure host-
ing lithium through electrochemical reactions.

On the other hand, oxidation of V3+ to V4+, i.e. the formation
of lithium-deficient phases through Li de-insertion from Li3VF6
was  not achieved under our experimental conditions. Taking into
account the redox intercalation chemistry of vanadium oxides, the
reversible reduction of V3+ to V2+ in conjunction with the irre-
versible oxidation of V3+ to V4+ in the herein presented fluoride
makes a significant difference derived from the nature of the non
metal, which points to a different path to find new chemistries for
lithium batteries.
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