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bstract

Vanadium oxide films were synthesised by chemical vapour deposition (CVD) from pure of triisopropoxyvanadium oxide (VO(OC3H7)3) and
xygen as precursors. The influence of the substrate on the crystallinity of the vanadium oxide films was studied before and after annealing at
00 ◦C. On mica substrates, as-deposited film was composed of crystalline V2O5 as revealed by XRD. On Pt, Ti, stainless steel, glass and F-doped
nO2 substrates, an annealing procedure was required to get V2O5. SEM investigations have clearly evidence V2O5 plates but the kinetics growth
eems to be strongly dependent on the nature of the substrate. The insertion/extraction of Li+ into the host structure was investigated in 1 M
iClO -PC with annealed V O films deposited on Ti, Pt and stainless steel substrates. The best electrochemical performances were obtained in the
4 2 5

otential range 3.8–2.8 V versus Li/Li+ with V2O5 films deposited onto stainless steel substrate: the reversible capacity reaches after subsequent
ycles was about 115 mAh g−1 (rate C/23). In a wider potential range (between 3.8 and 2.2 V versus Li/Li+), V2O5 deposited onto Ti substrate
xhibited the higher electrochemical performances (220 mAh g−1 for a rate of C/23).

2007 Elsevier B.V. All rights reserved.
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. Introduction

The development of miniaturized electronic devices, notably
n the field of microbatteries, have catalysed research programs
ll over the world to synthesis small energy sources with high
ower density. In that goal, many studies are devoted to the
ynthesis of thin films to be used as cathode materials in all solid-
tate batteries [1–4]. Several chemical and physical techniques
an be employed for the synthesis of thin films such as sputter-
ng, pulsed laser deposition, sol–gel, electron beam evaporation,
tomic layer deposition and chemical vapour deposition with
arious successes. Concerning the choice of the electrode mate-
ials, transition metal oxides have been considered as the most

uitable cathode materials in Li-ion batteries. Among these com-
ounds, much attention has been paid to vanadium oxide (VOx)
otably V6O13 and amorphous or crystalline V2O5 [5–17] due to

∗ Corresponding author. Tel.: +33 1 4427 3534; fax: +33 1 4427 3856.
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heir high charge capacity, i.e. high capability to insert reversibly
high amount of lithium, the occurrence of potential plateau

nd good cycle life. For V6O13 [12,13,15,18–22], the open
ircuit voltage (≈2.9 V versus Li/Li+) is slightly lower than
hat observed with crystalline V2O5 (≈3.5 V versus Li/Li+),
ut it exhibits higher theoretical reversible capacity of about
20 mAh g−1 which corresponds to a maximum of eight Li
er mole of V6O13 [15,19,20,23]. In the case of composite
2O5 electrode, the electroreduction of V2O5 can occur in a

arge potential window comprised between 3.5 and 1.5 V versus
i/Li+ according to the following reaction:

2O5 + y(Li+ + e−) → LiyV2O5 (1)

here y is the insertion ratio of lithium per mole of V2O5. At the
nd of the discharge (1.5 V versus Li/Li+), about three electrons

er mole of V2O5 could be theoretically reached. However, the
nsertion of more than one lithium per mole of V2O5 induces
sually irreversible structural changes which limit the working
otential window for an extended use [24].

mailto:groult@ccr.jussieu.fr
dx.doi.org/10.1016/j.jpowsour.2007.09.045
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The electrochemical performances of such VOx films versus
i+ insertion/extraction are intimately related to their morphol-
gy and structure which are also strictly dependent on the
eposition technique and the operating conditions. It is diffi-
ult to obtain directly crystalline VOx except in some cases
15,16] and as-deposited VOx films are usually amorphous.
herefore, an annealing procedure at high temperature in air

s usually required to get crystalline V2O5. However, this treat-
ent induces a high stress within the film, notably because of the

ifference of thermal expansion coefficient values for between
he substrate and the VOx films. For example, it is reported
hat between 0 and 100 ◦C, the linear expansion coefficients
re equal to 0.63 × 10−6 C−1, 17 × 10−6 C−1, 8.6 × 10−6 C−1,
.5 × 10−6 C−1 and 9 × 10−6 C−1 for V2O5, stainless steel,
itanium, glass and Pt [25], respectively. This stress could dras-
ically modify not only the structural properties and but also the
dherence of the film onto the substrate during the Li+ inser-
ion/extraction. In other words, it could have a significant effect
n the electrochemical performances of the cathode materials in
i-ion battery during cycle life. Thus, the dependence of choice
f the substrate for the deposition of the VOx films used as pos-
tive electrode in lithium battery is a key parameter and must
e considered very carefully. In that way, Julien et al. [17] have
repared VOx thin films by pulsed laser deposition (PLD) using
arious substrates and for different substrates temperature. They
ave shown that as-deposited films on silicon substrate main-
ained at room temperature are amorphous, as well as the films
eposited onto glass substrate. In contrast, the films deposited
nto silicon wafer heated at 300 ◦C evidence an orthorhombic
olycrystalline phase. More recently, Kanno et al. [26] have
tudied the crystallinity of single-crystal thin films of layered
iCoO2 and spinel LiMn2O4 onto a single crystal of SrTiO3
y PLD and shown that the orientation of the deposited film is
trictly controlled by the substrate plane.

As told before, among the different deposited materials,
uch attention has been paid to the study of vanadium oxides
lms due to their remarkable performances versus Li+ inser-

ion/extraction. But VOx can also be used for various important
pplications: as catalyst in oxidation reactions or for its elec-
rochromism properties [27,28]. It is why the first part of this
ork has been devoted to a specific study of the influence of the
ature of the substrate on the crystallinity of as-deposited and
nnealed vanadium oxide films synthesised by CVD. Then, the
lectrochemical properties (after annealing) of annealed VOx
lms deposited onto conducting substrates used as positive mate-
ials in lithium secondary batteries were studied. The main
dvantages of the CVD technique are the low operating depo-
ition temperature, the low cost of the process, the possibility
f controlling the chemical and physical properties of the films
y a proper choice of the starting precursor and synthesis con-
itions [15]. Thus, it could give rise to various crystallinity and
omposition of the VOx films. The structural characterisations
f VOx films were performed by X-ray diffraction and the mor-

hological observations by scanning electron microscopy. Then,
orrelation between the physico-chemical characterisations and
he electrochemical performances of annealed films versus the
nsertion/extraction of Li+ in organic electrolyte were studied.
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. Experimental details

.1. Films synthesis

An evaporator and a deposition device composed the depo-
ition CVD system. A TriJetTM (or JIPELEC InJect) liquid
elivery system has been used to supply and to vaporize the
recursor solution into the reactor allowing a flash evaporation
hile keeping the rest of precursor stored under nitrogen in a
lass container at room temperature [29].

The deposition of vanadium films were performed onto
arious substrates: Pt (sample A), Ti (sample B), stainless
teel (sample C), F-doped SnO2 (sample D), glass (sample
), mica (sample F) and Si (sample G). The electrochemi-
al properties of the vanadium oxide films used as positive
aterials in Li-ion batteries were obviously investigated

nly on conducting foil substrates (Pt, stainless steel and
i). Before deposition, the substrates were cleaned in hot
ichloromethane, then in ethanol before rinsing with distilled
ater and finally dried under vacuum to remove traces of
ater.
The synthesis of VOx films has been achieved from reaction

f vanadium(V) tri(isopropoxide)oxide (denoted VO(OiPr)3
rovided by Strem), and oxygen as reactant gas. The tem-
erature of the precursor introduced into the evaporator was
4 ± 1 ◦C. Vapours were then dispatched until the deposition
rea by a constant flow of helium (10 sccm) used as carrier
as where they met oxygen. The flow rate of oxygen was
00 sccm and the total pressure in the CVD reactor was fixed
o 18 Torr. The mixture of precursor and oxygen gas was intro-
uced into the deposition chamber on the susceptor where the
ubstrates heated at 300 ◦C were located. Finally, gaseous prod-
cts resulting from deposition reaction reported above were
rapped in liquid nitrogen present in a container situated in
he outlet of the CVD reactor. The deposition time is only
ependent on the injected pulses number and on the injection
requency.

A thermal annealing was performed at 500 ◦C in air during 2 h
o obtain crystalline V2O5. To avoid shrinkage of the V2O5 film,
he temperature was slowly raised to the desired temperature at
rate of 50 ◦C h−1, i.e. the total annealing treatment times was
2 h. Then, a slow cooling procedure to room temperature was
erformed in order to obtain a good adhesion of the deposited
lms on the substrate.

For clarity, the annealed samples were denoted sample A500
or sample A heat-treated at 500 ◦C, sample B500 for sample B
eat-treated at 500 ◦C, and so on, henceforth.

.2. Physico-chemical characterisations

X-ray diffraction patterns were collected with a Siemens
5000 X-ray diffractometer (λK�1Co = 1.7890 Å) operating in

he Bragg–Brentano type geometry. JCPDS data cards used for

he indexing of the XRD peaks are 72-0433, 71-0454, 71-0424,
1-0040 and 85-1514 for V2O5, V3O7, V4O7, V6O11 and V5O9,
espectively. The crystallite sizes, L, of the V2O5 particles were
alculated from the broadening of the corresponding (h k l) lines
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ccording to Scherrer’s formula:

= 0.89λ1

B cos(θ)
(2)

here λ1 is the wavelength of the K�1Co beam, θ the Bragg angle
nd B is the angular full width at half maximum (FWHM) inten-
ity of the corresponding (h k l) diffraction line. Parameter B was
orrected from the instrumental line broadening, b, according to
he following equation [30]:

=
√

(B2 − b2) (3)

here b is 0.04◦.
The uncertainty on all the reported XRD values was esti-

ated to be 0.01 nm. The cell parameters were calculated
sing classical formula in considering that V2O5 crystallizes
n orthorhombic.

A Jeol JEM 100 CX II transmission electron microscope
quipped with a Jeol high resolution scanning attachment
STEM-SEM ASID 4D) was used for surface investigations by
canning electron microscopy.

.3. Electrochemical tests

The electrochemical performances of crystalline V2O5 films
ersus the insertion/extraction of Li+ were investigated in 1 M
iClO4-PC solution (provided by Merck and used as received)
y chronopotentiometry at room temperature in a glove box
lled by argon (CH2O ≤ 5 ppm) using Swagelock cells [31]. Both
ounter and reference electrodes were metallic lithium pellets.
he galvanostatic charge–discharge curves and cyclic voltam-
ograms were performed using a VMP Bio-Logic generator.
hronopotentiometry experiments were carried out at various
onstant current density between 3.8 and 2.8 V versus Li/Li+

nd 3.8–2.2 V versus Li/Li+.

. Results and discussion

.1. SEM observations on annealed VOx films

SEM investigations were performed with annealed vanadium
xide films and we present here the images recorded with V2O5
lms deposited onto Pt (sample A500), Ti (sample B500) and
tainless steel substrate (sample C500) in Figs. 1–3, respectively.
or each sample, low (bar scale: 2 �m) and high (bar scale:
00 nm) resolution images, as well as cross-section images were
ollected. These SEM images clearly showed the influence of
he annealing on the morphology of the film depending on the
ubstrate. Homogeneous and smooth V2O5 films surfaces were
bserved with Pt substrate (sample A500, Fig. 1a and b) and
tainless steel substrate (sample C500; Fig. 3a and b). However,
he images have pointed out the presence of many cracks on
he surface for sample A500 (Fig. 1a), notably due to a highest

ifference of thermal expansion coefficients between V2O5 and
t as reported above. In the case Ti substrate (sample B500), the
oughness of the film (Fig. 2a and b) were drastically different
rom those observed with samples A500 and C500.

w
f
e
t

ig. 1. SEM images of annealed V2O5 films deposited by CVD on platinum
ubstrate (sample A500).

Whatever the substrate, the high resolution images
Figs. 1b, 2b, and 3b) revealed the presence of typical V2O5
lates [32]. The smallest particles size seems to be obtained for
ample C500.

Cross-section images gave additional information concerning
he compactness of the deposited films. The VOx films gener-
ted on stainless steel substrate (Fig. 3c) were composed of two
istinct layers: the outer most layer was very compact and dense
hereas the inner one was porous and similar to that observed
ith samples A500 and B500. Such difference could lead to

ignificant differences of electrochemical performances versus
i+ insertion/extraction into the host lattice. Moreover, even

f the deposition of the films were strictly done in the same
VD conditions (pressure, reaction time, etc.), thicker films
ere observed with Pt substrate (sample A500) indicating a
aster kinetic growth using such a substrate. It could therefore
xplained the cracks onto the surface as shown in Fig. 1a: the
oo rapid growth kinetic induces larger stress within the film
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ig. 2. SEM images of annealed V2O5 films deposited by CVD on titanium
ubstrate (sample B500).

ot only during the thermal annealing but also during the CVD
rowth.

.2. XRD measurements on as-deposited VOx films

The influence of the substrate on the composition and the
rystallinity of as-deposited vanadium oxides films (i.e. with-
ut further thermal annealing) was first studied. Except mica
ubstrate, as-deposited films were green indicating the presence
f vanadium with a +IV oxidation state. The XRD patterns of
Ox films deposited onto Pt (sample A), Ti (sample B), stainless

teel (sample C) and F-doped SnO2 (sample D) are presented in
ig. 4a–d, respectively. With these substrates, the XRD patterns
evealed that the films were non-stoichiometric and composed of
mixture V2O5, V3O7, V4O7 and/or V5O9. Only some diffrac-
ion lines of these different VOx were observed indicating a
oor crystallinity of these vanadium oxides phases. In addition,
he low peaks intensities clearly indicated the presence of small
mount of the oxides within these films.

f
f
t
d

ig. 3. SEM images of annealed V2O5 films deposited by CVD on stainless
teel substrate (sample C500).

In the case of Si substrate (sample G), the as-deposited vana-
ium oxide films were amorphous since no diffraction lines were
ointed out on diffraction patterns (figure not shown here). Simi-
ar results were reported by Julien et al. [17] about the amorphous
haracter of VOx films deposited on Si substrate by PLD. With
lass (sample E) and mica (sample F) substrates, very differ-
nt results were observed since the XRD patterns presented in
ig. 4e and f, respectively, have revealed the presence of only
3O7 for sample E (Fig. 4e) and V2O5 for sample F (Fig. 4f). The
RD pattern obtained with sample F (mica substrate) exhibits

he (0 0 2), (0 0 1), (4 0 0) and (0 0 2) diffraction lines at 2θ = 18◦,
3.6◦, 36.3◦ and 48.2◦ of polycrystalline orthorhombic V2O5.
he high intensity of the (0 0 1) peak coupled with the absence
f the (1 1 0) diffraction line indicates a much pronounced pref-
rential orientation along c-axis. For this sample, the coherence
omains (mono-crystal) D0 0 1 along the c-axis were calculated

rom the broadness of the (0 0 1) peak according to Scherrer’s
ormula given in relation (2). It was found: D0 0 1 ≈ 34 nm. Note
hat the coherence domains D2 0 0 along the a-axis cannot be
etermined due to the absence of the (2 0 0) diffraction line. For
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ig. 4. XRD patterns of as-deposited VOx films deposited by CVD on various
ubstrates: (a) Pt, (b) Ti, (c) stainless steel, (d) F-doped SnO2, (e) glass and (f)
ica.

ample F, the a and c cell parameters were also deduced from
he exploitation of the XRD patterns (orthorhombic V2O5 sys-
em): a = 11.47 Å, and c = 4.38 Å. The b parameter cannot be
etermined since the XRD pattern does not exhibit the (1 1 0)
iffraction line. These a and c cell parameter values are very
imilar to those reported in the literature in the case of well
rystallized V2O5 obtained by sol–gel method [31], atomic layer
eposition [32,33] or RF sputtering [16].

As shown above, the composition of the as-deposited VOx
lms depends on the substrate. In most of cases, the oxida-

ion state of vanadium of the as-deposited film is lower than
V. To explain the reduction of the vanadium oxidation state,
ne may consider that a “metallothermic” reduction-type pro-
ess occurred [34]. Indeed, the feasibility of such a reaction is
etermined by the free energies of formation of the different
ompounds involved in the reaction (V2O5 and the consid-
red substrate). This reduction process is also influenced by
he operating conditions (temperature of the substrate (i.e. of
he reaction), concentration of the precursor, pressure in the
VD reactor). Considering the Ellingham–Richardson diagrams
iven the free energy of formation of the vanadium oxides
epending on the nature of the substrate and the reaction tem-
erature, the reduction of vanadium(+V) by Ti, for instance, is

ossible. In other words, the reduction of V(+V) to lower oxi-
ation state by the substrate has highly favourable free energy
alues. In contrast, such diagrams show that vanadium(+V) is not
educed by SiO2 in our experimental conditions, in good agree-

o
w

b

ig. 5. XRD patterns of annealed VOx films at 500 ◦C in air deposited by CVD
n various substrates: (a) Pt, (b) Ti, (c) stainless steel, (d) F-doped SnO2, (e)
lass and (f) Si.

ent with results deduced from XRD measurements. Finally,
ne can not also exclude the role of carbon in the precursor
aterial which could also be involved in this reduction pro-

ess of vanadium(+V). Thus, it could explain why, even with
t substrate which is hardly oxidized, vanadium(+IV) has been
etected on XRD patterns (Fig. 4a).

An annealing procedure at 500 ◦C in air was performed with
he same samples to obtain crystalline V2O5 and further to study
he insertion/extraction of Li+ when these V2O5 films are used
s positive electrode in Li-ion batteries.

.3. XRD measurements on annealed VOx films

Whatever the substrate, the XRD patterns of annealed vana-
ium oxide films show the diffraction lines of orthorhombic
2O5. However, small variation of the film composition was
ointed out depending on the substrate (Fig. 5): for sample E500
glass substrate, Fig. 5e), C500 (stainless steel substrate, Fig. 5c)
nd D500 (F-doped SnO2 substrate, Fig. 5d), the other diffrac-
ion lines observed on patterns were attributed to the formation

f vanadium bronze M–V2O5 (M is a cation) formed by reaction
ith the different substrate.
With Ti, Si and Pt substrates, crystalline V2O5 was generated

y annealing in air but the amount V2O5 crystallites is slightly
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ifferent depending on the substrate as attested by the differ-
nce in intensities of the diffraction lines. The intensities of the
iffraction lines with sample G500 (Si substrate, Fig. 5f) are
uch lower than those observed with the other one, i.e. V2O5
lms formed on Si substrate (sample G500) exhibit a lower crys-

allinity. In addition, one must mention that (i) the intensities of
he (h 0 0) diffraction lines are larger than those observed usually
ith crystalline powder samples, (ii) the low value difference
etween the intensities of the (2 0 0) and (0 0 1) diffraction lines,
iii) the absence of the (1 1 0) diffraction line. It means that for
ample G500, the b-axis is parallel to the substrate.

For sample A500 (Pt substrate, Fig. 5a), sample B500 (Ti sub-
trate, Fig. 5b), sample C500 (stainless steel substrate, Fig. 5c)
nd sample D500 (F-doped SnO2 substrate, Fig. 5d), the high
ntensity of the (0 0 1) diffraction coupled with the high inten-
ities of the (h 0 0) and the presence of the (1 1 0) diffraction
ine indicates a preferential orientation along the a-axis in the
b plane.

The variations of the coherence domains D2 0 0 and D0 0 1
ersus the nature of the substrate are reported in Table 1. Rather
ame D2 0 0 values were obtained whatever the substrate (around
4 ± 3 nm) except for sample B500 (Ti substrate) for which large
alues of about 94 nm were obtained. The D0 0 1, values do not
ary depending on the substrate (around 34 ± 3 nm) except for
ample D500 (F-doped SnO2 substrate) for which a higher value
49.4 nm) was obtained.

The cell parameters deduced from the XRD patterns for V2O5
eposited films (orthorhombic V2O5 system) after annealing are
eported in Table 1. Owing to the presence of the (2 0 0), (1 1 0),
nd (0 0 1) diffraction lines, it was possible to determine the
hree a, b and c cell parameters except for sample E500 because
f the absence of the (2 0 0) and (0 0 1) diffraction lines on
RD pattern (Fig. 5e). For the other substrates, the cell parame-

ers were roughly the same (a = 11.52 ± 3 Å, b = 3.56 ± 1 Å and
= 4.39 ± 1 Å) and in good agreement with values reported in

he literature in the case well crystallized V2O5 obtained by other
eposition methods [16,31–33].

To summarize, XRD analyses have shown that as-deposited
Ox films obtained by CVD using Pt, Ti, stainless steel and F-
oped SnO2, glass substrates were not amorphous and composed

f a mixture of V3O7, V4O7, V5O9 and/or V2O5. However, pure
hases were not obtained directly after deposition except onto
ica substrate for which the as-deposited film was composed

f crystalline V2O5. After annealing, only small structural dif-

p
c
t
c

able 1
esults deduced from XRD analyses of vanadium oxide films deposited on various s

amples Substrate D2 0 0 (nm) D

Pt 71.0 36
Ti 94.2 35
Stainless steel 76.6 32
SnO2 75.9 49
Mica – 34
Si 77.0 34

2 0 0 and D0 0 1: coherence domains along the a-axis and the c-axis, respectively, ca
alues: a, b, c. All films were annealed at 500 ◦C in air during 2 h except film deposited

2O5.
ig. 6. Tenth charge–discharge chronopotentiogram obtained with sample B500
Ti substrate) in 1 M LiClO4-PC at room temperature. Potential window for the
harge–discharge cycling: 3.8–2.2 V vs. Li/Li+. Rate: C/23.

erences have been pointed out by XRD. The films were mainly
omposed of orthorhombic V2O5 even if in the case of stainless
teel, F-doped SnO2 and glass substrates, a very small amount
f vanadium bronze M–V2O5 (M is a cation) resulting from the
hemical reaction with substrates was pointed out on XRD pat-
erns. The V2O5 cell parameters are similar to those reported
n the literature in the case of well-crystallized V2O5. Finally,
ather no variation of the coherence domains along the a-axis
nd the c-axis was observed depending on the nature of the sub-
trate, except for Ti substrate which exhibited a slightly higher
2 0 0 value.
Let us consider now the electrochemical performances of

amples A500, B500 and C500 when they are used as cathode
aterials in Li battery.

.4. Electrochemical properties of annealed VOx films

The initial open circuit voltage of the V2O5 film was about
.43 V versus Li/Li+ and the charge/discharge curves exhibit the
ame shape whatever the substrate.

In large potential range (3.8 and 2.2 V versus Li/Li+), the
hronopotentiogram exhibits several plateaus. As an example,
he 10th cycle obtained with sample B500 (Ti substrate, thick-
ess of the V2O5 film: 1.5 �m) is reported in Fig. 6. The two

lateaus observed at around 3.4 and 3.2 V versus Li/Li+ during
harge and discharge procedures are related to phase transi-
ions �–� and �–� which occur in orthorhombic V2O5 film
oncomitant to the Li+ insertion/extraction. A third plateau at

ubstrate

0 0 1 (nm) a (nm) b (nm) c (nm)

.7 1.147 0.356 0.438

.4 1.153 0.356 0.440

.3 1.155 0.357 0.441

.4 1.149 0.356 0.438

.0 1.147 – 0.438

.0 1.140 0.350 0.435

lculated from the broadness of the (2 0 0) and (0 0 1) peaks. Cells parameters
onto mica substrate for which as-deposited films were composed of crystalline
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Fig. 7. (a) First and 20th charge–discharge chronopotentiograms obtained with
s
o
w

w
c
T
f
c
o
electrochemical results in a wide potential range. In contrast,
the SEM image of the film deposited onto stainless steel (sam-
ple C500) revealed the presence of two distinct layers: the inner
layer was similar to that observed with the other substrates, the
18 H. Groult et al. / Journal of P

round 2.3–2.2 V versus Li/Li+ due to phase transition �–� was
bserved. By contrast with the shape of chronopotentiograms
btained with composite V2O5 electrode, the transition between
he plateau at about 3.2 V and the one at 2.3 V is not abrupt and
houlders appear between 2.4 and 2.3 V. The latter may probably
esult from the occurrence of different phase transitions difficult
o determine precisely because of the nature of these phases
ven by XRD measurements since in that potential window
2.55–2.35 V), the shape of the chronopotentiogram changes
uring cycling. It could give rise to a shoulder observed dur-
ng the reverse scan at around 3.5 V versus Li/Li+. The shoulder
ointed out at around 3.6 V versus Li/Li+ is due to the extraction
f Li from �-LiV2O5 [35]. This plateau is small, in compari-
on with that observed in the case of composite V2O5 electrode
uggesting that the amount of �-LiV2O5 is low. A high value
f about 220 mAh g−1 was observed with sample B500 (rate:
/23). As shown in the inset of Fig. 6, no capacity fading was
bserved. In contrast, an important capacity fading has been
ointed out with sample C500 (stainless steel substrate, thick-
ess of the V2O5 film: 1.8 �m): the capacity observed at the
nd of the first cycle/discharge cycle was equal to 160 mAh g−1

nd decreased to about 110 mAh g−1 after 10 cycles for a same
ischarge rate (C/23). A reversible capacity value of about
80 mAh g−1 was observed for a higher rate (C/10) in the case
f sample C500. For sample A500 (Pt substrate, thickness of the
2O5 film: 3.5 �m), the reversible capacity values in the same
otential range (3.8–2.2 V versus Li/Li+) were lower than those
bserved with V2O5 deposited onto Pt and Ti substrates what-
ver the current density applied to the electrode: 105 mAh g−1

C/30) and 61 mAh g−1 (C/2).
After cycling in a large potential window, each sample were

ested in a smaller potential window (3.8–2.8 V versus Li/Li+).
he 1st and the 20th charge/discharge cycles recorded in this

egion with sample C500 are presented in Fig. 7a whereas the
st and the 10th charge/discharge cycles with sample A500 are
resented in Fig. 7b. As shown in Fig. 8, the capacity value is
oughly constant during cycle life, suggesting no drastic and
rreversible changes during charge/discharge cycles whatever
he substrate, i.e. no capacity fading was observed in contrast
ith the results observed (Fig. 6) in a wider potential region

3.8–2.2 V versus Li/Li+). In this potential range (3.8 and 2.8 V
ersus Li/Li+), a different behaviour was observed: the best elec-
rochemical performances were observed with sample C500 for
hich a capacity of about 115 mAh g−1 (rate C/23) has been
btained after 20 cycles (Fig. 8). In the case of samples A500
nd B500, smaller values close to 82 and 47 mAh g−1, respec-
ively, were obtained after 20 cycles. Such better behaviour in
he case of sample C500 was also observed for different current
ensity as shown in Fig. 9.

From these results, it seems to be difficult to establish a clear
elationship between the crystal phases and compositions and
he electrochemical performances of vanadium oxide films. The
RD measurements did not point out significant differences

etween the films, except for sample B500 which exhibited the
igher coherence domains along the a-axis. Nevertheless, one
ust remind the results deduced from SEM observations. First,

s discussed above, the lowest electrochemical performances

F
s
c

ample C500 and (b) 1st and 10th charge–discharge chronopotentiograms
btained with sample A500 in 1 M LiClO4-PC at room temperature. Potential
indow for the charge–discharge cycling: 3.8–2.8 V vs. Li/Li+.

ere obtained with sample A500 for which the presence of many
racks on the surface was revealed on SEM images (Fig. 1a).
hey could induce a loss of adherence of the film onto the sur-

ace during the cycle life and could explain the low reversible
apacities values. Second, a better homogeneity of the film was
bserved for sample B500 (Ti substrate) which gave the best
ig. 8. Evolution of the reversible capacity vs. cycle number depending on the
ubstrate in 1 M LiClO4-PC at room temperature. Potential window for the
harge–discharge cycling: 3.8–2.8 V vs. Li/Li+. Rate: C/23.
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Fig. 9. Evolution of the reversible capacity after 10 cycles depending on the
substrate and the current density applied to the electrode in 1 M LiClO4-PC at
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oom temperature. Potential window for the charge–discharge cycling: 3.8–2.8 V
s. Li/Li+.

utmost layer has a higher compactness. The latter could limit
he diffusion pathway for the Li+ insertion. It could explain why
uch films did not support the insertion of Li+ ions in a wide
otential region deep.

Consequently, the potential window in which Li+ ions are
nserted/extracted strongly depends on the nature of the sub-
trate. Thus, V2O5 film deposited by CVD in our experimental
onditions on stainless steel or platinum cannot be cycled in a
arge potential window whereas it gave rise to the best results in
narrow potential window.

These reversible capacity values can be compared to those
btained with crystalline V2O5 films prepared for example
y atomic layer chemical vapour deposition (ALCVD) [31]:
25 mAh g−1 between 3.8 and 2.8 V versus Li/Li+ and about
20 mAh g−1 between 3.8 and 2.2 V versus Li/Li+ for V2O5
lm (thickness of 200 nm) deposited onto a Ti substrate. These
alues were also in the same order of magnitude as those reported
y Navone et al. for thicker V2O5 films (≤3.6 �m) prepared by
F sputtering [16] for low charge/discharge rates.

. Conclusion

Vanadium oxide films were prepared by CVD from pure
f triisopropoxyvanadium oxide (VO(OC3H7)3) and oxygen as
recursors. Depending on the substrate, several types of vana-
ium oxides were observed. As-deposited films were amorphous
xcept on mica substrate for which crystalline V2O5 has been
etected from XRD measurements. After annealing at 500 ◦C
n air during 2 h, V2O5 was obtained whatever the substrate (Si,
lass, F-doped SnO2, Ti, Pt or stainless steel). The crystallites
izes were not strongly different depending on the substrate: the
2 0 0 values (along the a-axis) were about 74 ± 3 nm except for
i substrate for with values of about 94 nm were found. Along the
-axis, the D0 0 1 were roughly constant and close to 35 ± 2 nm,
xcept for F-doped SnO2 substrate for which values of about

9 nm were observed.

Whatever the substrate, SEM images revealed the presence
f typical V2O5 plates [32] but the kinetic growth seems to be
ependent on the nature of the substrate since different film

[

[
[
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hicknesses were observed in spite of the fact that same CVD
perating conditions have been used for their synthesis.

When the annealed V2O5 films were used as cathode materi-
ls in secondary lithium batteries, small structural changes were
bserved during cycling even at low potential. The best electro-
hemical performances were also observed with V2O5 deposited
nto stainless steel substrate between 3.8 and 2.8 V versus Li/Li+

hereas the best ones were observed with films deposited onto
i substrate between 3.8 and 2.2 V versus Li/Li+.
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