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Abstract

This study addresses the lithium insertion performances of amorphous vanadium oxide films, synthesized by atomic layer chemical vapour
deposition (ALCVD). AFM and SEM investigations showed that the as-deposited films are amorphous, compact and homogeneous. As revealed
by XPS and Raman spectroscopy, the ALCVD oxide films after deposition are mainly composed of V,0s, with V#* surface content (about 10%).
The insertion of Li* into the lattice was investigated in 1 M LiClO4-PC. The results show that the electrochemical performances obtained with
amorphous vanadium oxide films, with an optimal thickness of 200 nm (455 mAh g, i.e. composition of Li, ¢V,0s), were superior to crystalline
V,0s5 films. The amorphous films exhibit higher capacity and better cycle ability even for deep lithium insertion ratio compared to crystalline V,0s
films. The chemical diffusion coefficients, deduced from numerical simulation of chronopotentiograms, were comprised between 3 x 107'2 and
10713 cm?s~! for a lithium insertion ratio comprised between 0 and 2.9. AFM and Raman spectroscopy performed before and after lithiation
showed that neither the morphology nor the local order of the amorphous films were significantly affected by the insertion/extraction of lithium.

Raman measurements also revealed that a very small amount of lithium are locally trapped in the oxide lattice.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The reduction of the current and power requirements of
electronic devices has promoted researches on the develop-
ment of thin films electrodes for lithium microbatteries. Among
the metal transition oxides potentially used as cathode mate-
rials, much attention has been paid to thin vanadium oxide
(denoted VO) films. These oxide films exhibit good electro-
chemical performance versus the lithium insertion/deinsertion
process, notably relatively high specific energy density [1-12].
Both amorphous and crystalline VO films can be used in lithium
microbatteries. Nonetheless, in spite of their attractive prop-
erties, both crystallised and amorphous vanadium oxide films
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present some demerits. Crystalline V,Os is characterised by
the occurrence of phase transitions concomitant to the Li*
insertion/deinsertion process, resulting in the formation of irre-
versible w and y phases at low potentials (<2.2 V versus Li/Li*)
[8,13,14]. The occurrence of these two lithiated phases reduces
cycling performances of crystalline V,0Os in a wider potential
region. To avoid these phase transitions, the potential window
is usually limited to ~3.8-2.9 V versus Li/Li* and as a conse-
quence, the capacity is limited as well as the amount of lithium
inserted into the host materials (<1 mole of Li per mole of
V,05). In addition, thermal annealing at temperature >500 °C
in air of the as-deposited films is usually required to get well crys-
talline V505 and such a treatment leads to a high mechanical
stress within the film that can affect the electrochemical perfor-
mance of the films. In the case of amorphous VO [9,15-17],
no phase transitions occur during the charge/discharge proce-
dure. Therefore, the potential window can be extended, making
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possible increased capacity values and enhanced lithium reten-
tion into the host structure compared to crystalline VO. Thus,
the higher tolerance to lithium insertion for amorphous VO com-
pared to crystalline films make them attractive candidates for
electrode application in lithium microbatteries. However, the
amorphous films have often limitations for practical applica-
tions in thin-films batteries employing a liquid electrolyte due
to undesirable reactions with the liquid electrolyte [9,15-18],
which decrease the cycling performance. For example, Zhang
et al. [9] have reported for amorphous VO films deposited by
pulsed laser deposition, that the charge capacity drops more
than 20% between the first and the second cycle due to the
reduction of solvent on the electrode surface. Therefore, for
ensuring long-term cycling efficiency and stability of amor-
phous VO in the presence of liquid electrolyte, one approach
proposed in the literature is the protection of the amorphous
VO thin film. For example, Lee et al. [16] recently proposed to
coat the VO with an inorganic solid electrolyte, such as LiAlFy.
Another way is to develop new deposition techniques. Recently,
thin VO films have been prepared by atomic layer chemical
vapour deposition (ALCVD) from vanadyl triisopropoxide and
water precursors [19-21]. This technique has several advan-
tages compared to classical CVD. Among them, one can men-
tion: (a) the strict control of the film thickness at atomic level
[22,23] which allows to adjust the thickness of the microbat-
tery (from several nanometers to several micrometers) depend-
ing on the required power; (b) the possibility to make gradual
and/or alternate structures, i.e. to perform the deposition of all
elements of the microbattery; (c) the use of very reactive pre-
cursors between them: consequently, the deposition can be done
at low temperatures, that is very difficult with classical CVD
since precursors are together present in the reaction chamber
and (d) the possibility to form thin films deposited on plastic-
based substrates or on substrates with a very large developed
surface. Thus, the ALCVD technique can be considered as a
new, very suitable and promising tool in the field of lithium
microbattery.

Previously, the lithium intercalation performance in liquid
electrolyte of ALCVD deposited annealed crystalline V,Os has
been investigated [21]. In that study a discrepancy of the cycling
performances versus increasing film thickness (>200 nm) was
shown. The objective of this work is to report for the first time
the electrochemical performances of thin amorphous VO films
prepared by ALCVD when they are used as cathode materi-
als in lithium batteries in the presence of a liquid electrolyte.
The expecting properties are: (1) good electrochemical per-
formances (notably high discharge capacity); (2) high cycling
efficiency (i.e. no capacity fading) and (3) high stability in
the presence of liquid electrolyte (i.e. no degradation of the
interface).

The first part of this paper is devoted to the structural and mor-
phological characterisations of the VO films performed by SEM,
AFM, micro-Raman and XPS. The second part is devoted to the
electrochemical performance of the amorphous, as-deposited
films versus lithium insertion/deinsertion reaction in organic
solution, containing a lithium salt, deduced by chronopoten-
tiometry.

2. Experimental section
2.1. Synthesis of vanadium films by ALCVD

The ALCVD apparatus is a commercial flow type F120 reac-
tor (ASM-Microchemistry, Finland) using nitrogen (99.999%
from Air Liquide, France) as carrier and purging gas; it is
equipped with four plates reaction chamber, allowing to pro-
cess a maximum of four 5cm x 5 cm substrates. The ALCVD
consisted in a sequential introduction of the reaction precursors,
which allows to control the growth of the substrate at the atomic
level. The deposition is achieved by repeating the following
pulse sequence: t;—4 up to the desired thickness, where “t;—4”
are the individual pulse times (in ms) of triisopropoxyvanadium
oxide [VO(OC3H7)3] (denoted VTOP henceforth provided by
Alfa Aesar, USA), Ny, H>O and N, respectively. Nitrogen gas
was used as carrier and purging gas. The four pulses constitute
one ALCVD cycle and the duration of one ALCVD cycle is
4's. VTOP (vapor pressure of 0.29 Torr at 45 °C) reacts rapidly
with water at room temperature and forms a vanadium oxide gel.
The thin vanadium oxide films are obtained after evaporation of
water at #4.

The global reaction can be expressed as:

2VO(OC3H7)3 +3H,0 — V,05+ 6HOC3Hy

Vanadium oxide thin films were deposited on titanium foils.
Prior to deposition, titanium substrates were cleaned ultrason-
ically in dichloromethane, ethanol, rinsed in distilled water
and dried under vacuum. VTOP was kept at 45 °C while the
water source was kept at room temperature. The temperature
in the reactor chamber was 105°C. A linear variation of the
thickness with the number of ALCVD cycles was observed
[21]. Thus, Samples A and B obtained after 10,000 and 30,000
ALCVD cycles have a film thickness of 200 and 450 nm,
respectively.

2.2. Film characterisations

2.2.1. Scanning electron microscopy

Scanning electron micrographies were obtained with a Jeol
JEM 100 CX II transmission electron microscope equipped with
a Jeol high resolution scanning attachment (STEM-SEM ASID
4D).

2.2.2. AFM analysis

Atomic force microscopy (AFM) investigations were per-
formed both to observe the morphology and the roughness
of the fresh vanadium oxide films and to study the effect of
the insertion/deinsertion of Li* on the surface morphology.
AFM imaging was performed using a Nanoscope III multi-
mode scanning probe microscope (Digital Instruments) using
a 100 pm x 100 wm piezoelectric scanner. The images were
recorded under ambient conditions in contact mode using Si3Ny
tips (Digital Instruments) with a spring constant of 0.58 Nm™".
Roughness factors were determined using the digital instruments
image analysis software. Root mean square (R.M.S.) roughness
, was determined from the AFM images collected before and
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after insertion/extraction of Li*: the analyses were performed at
least on three replicas and for each one on eight different zones
of 2.5 pm x 2.5 pm for ensuring reproducibility.

2.2.3. X-ray photoelectron spectroscopy

Surface analysis was performed by XPS. For these characteri-
sations, V2p, Ols, and C1s core level spectra were recorded with
a VG Escalab Mark II X-ray photoelectron spectrometer, with
a Al Ko radiation (hv=1486.6¢eV), at a pass energy of 20eV.
The spectrometer was calibrated against the reference binding
energies (BEs) of clean Ni and Au Samples (Ni 2p3, and Au
4f7,, lines set at 852.8 and 84.0 eV, respectively). The take-off
angles of the photoelectrons were 90°, with respect to the sam-
ple surface. In the XPS spectrometer, the base pressure of the
analysis chamber was 3 x 10710 Torr. To analyse the individ-
ual contributions of the V2p3., Ols, and Cls core levels, peak
decomposition was carried out with a commercial computer pro-
gram (Eclipse provided by VG) using Gaussian/Lorentzian peak
shapes, and a Shirley background. The Ols and V2p3,; regions
were decomposed using a joint background. The Cls core level
at 285.0eV was used as an internal standard.

2.2.4. Micro-Raman spectrometry

The Raman spectra were recorded at room temperature using
a micro-Raman system with a Dilor XY spectrometer equipped
with a charge coupled device (CCD) detector. An argon ion
laser (514.5 nm) was employed as the excitation source. A 50x
objective was used to focus the laser light on sample surface to
a spot of 5 wm? and the laser power was kept to 1 mW to avoid
any degradation of the film. Finally, the spectra were measured
in back-scattering geometry.

Results deduced with these techniques will be compared with
those of crystallised V,0s, obtained after annealing of Samples
A and B at 500 °C during 12 h in air. The annealed Samples are
denoted Samples A500 and B500, respectively.

2.3. Electrochemical studies

The electrochemical performances of amorphous VO films
versus the insertion/deinsertion of lithium cations into vanadium
oxide films were investigated in 1 M LiClO4-PC solution (pro-
vided by Merck and used as received) by chronopotentiometry.
These experiments were carried out at room temperature in a
glove box filled by argon (Cnx,0 < 5 ppm) using coin cells. Both
counter and reference electrodes were metallic lithium pellets.
The galvanostatic charge—discharge curves and cyclic voltam-
mograms were performed using a VMP Bio-Logic generator.
Chronopotentiometry experiments were carried out at several
constant current density between 4 and 1.5V versus Li/Li*. The
charge and discharge capacity values were deduced from the
analysis of the chronopotentiograms.

The diffusion coefficients of Li* into the V,0Os5 lattice were
determined using an original theoretical approach described in
detail elsewhere [24] which takes into account the influence of
the variation of diffusion coefficient with concentration. This
determination was performed by the fitting of chronopoten-
tiograms.

3. Results and discussion
3.1. Physico-chemical analyses before lithiation
3.1.1. SEM observations

SEM investigations performed with Samples A and B are
presented in Fig. 1 b and c, respectively (bar scale: 200 nm). For

Sample B

Fig. 1. : SEM images of (a) Sample B500 (Sample B heat-treated at 500 °C;
thickness: 450 nm), (b) Sample A as-deposited; thickness: 200 nm), and (c) Sam-
ple B (as-deposited; thickness: 450 nm).
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Fig. 2. AFM images (5 pm x 5 um) of V,05 as-deposited films by ALCVD on Ti substrate (Sample A; thickness: 200 nm).

comparison, images obtained with crystallised V,Os (Sample
B500) is also presented (Fig. 1a).

In the case of Sample B500 (Fig. 1a), the SEM image shows
the presence of elongated plates with a rectangular form charac-
teristic for crystalline V,0s. The images obtained for Samples
A and B clearly differ from the crystalline sample. On the
as-deposited films no evidence of V,0s plates can bee seen,
indicating that these films are amorphous. In addition, a strong
influence of the film thickness on the morphology may be seen;
the surface of the thicker Sample B film is more homogeneous
and relatively smooth, whereas Sample A shows small globu-
lar shape particles of vanadium oxide. The cross-section image
of Sample B (Fig. lc) clearly evidences the high compactness
and homogeneity of the film deposited by ALCVD. The conclu-
sion that the as-deposited oxides are amorphous is supported by
results from X-ray diffraction performed on Samples A and B
that showed no diffraction lines.

3.1.2. AFM observation

Typical AFM images obtained with Sample A are presented
in Fig. 2. The image clearly shows that the film is homogeneous
and relatively smooth, characterized by small grains. The rough-
ness (R.M.S.) value was found to be about 46 &2 nm (value
determined on at least eight different areas of 6.25 pm?). No
significant difference in roughness was observed on the different
replicas and different zones, indicating a good reproducibility in
the AFM observation and in the sample preparation. The R.M.S.
values obtained for Sample B is about two times lower, being
20 &2 nm. This variation is in good agreement with observa-
tions from SEM analysis, showing a higher smoothness of the
VO films for Sample B.

3.1.3. Surface analyses by XPS

XPS measurements were performed to analyse the surface of
the VO films. Sample A500 was used as reference sample for
pure V;70s5.

The survey spectra obtained for Samples A5S00, A and B are
compared in Fig. 3a. All survey spectra display photoelectron

peaks relative to V2s, V2p, V3s, V3p, Cls, Ols, and N1s and
the characteristic Auger peaks, which result from a de-excitation
process. In all spectra, the Ols line was found at 530.3 eV. The
N1s photoelectron peak is due to the presence of residual nitro-
gen chemically adsorbed on the surface, resulting from N used
as carrier gas during the synthesis of the vanadium oxide films.
The Cl1s photoelectron peak is due to contamination of the sub-
strate by air. No difference was observed between the samples
both for the position of the different photoelectron peaks (no
chemical shift) and for the signal relative intensity, i.e. the com-
position of the surface is roughly the same, independently on
film thickness.

For Samples A and B, the oxygen peak (Fig. 3b) for the freshly
prepared ALCVD films is slightly broader than the reference;
the shoulder at around 531.8 eV can be attributed to carbonate
and corresponds well with the carbonate contribution of the Cls
peak (not shown here). The carbonate contribution is slightly
increased with increasing oxide thickness.

The V2p3;, core level was fitted to determine the nature
and the oxidation state of vanadium present at the surface.
For the reference Sample A500, the V2py3 region is fitted
with only one peak (Fig. Not shown here) located at 517.4eV
(FWHM = 1.56eV) and assigned to V>* as in V,05. No peak
for V#* was detected for the annealed reference sample. How-
ever, the V2p regions for Sample A (Fig. 3¢c) can be decomposed
in two peaks: one major peak analogous to V3* (as in V,0s) at
517.4eV and aminor at 516.1 eV, assigned to V4 The peaks are
in accordance to reported XPS data for VO, and V,05 [25-27].
From the integrals of the decomposition peaks, the relative con-
tribution of V#* is given to be about 10% for both Samples A
and B, independently of thickness. The presence of V4* in the
amorphous films is in agreement with the green colour of the
as-deposited films. Pure V,0Os films have a yellowish colour.

3.1.4. Micro-Raman spectrometry

Fig. 4a shows the Raman spectrum of Sample A5S00 used
as reference. The well resolved spectrum exhibits several
peaks at about 142, 194, 281, 299, 401, 476, 525, 698 and
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Fig. 3. XPS spectra: (a) curve 1: survey spectra of Sample A500 (Sample A heat-treated in air at 500 °C; thickness: 200 nm), curve 2: Sample A (as-deposited;
thickness: 200 nm) and curve 3: Sample B (as-deposited; thickness: 450 nm); (b) Ols and V2p regions of Samples B500, A and B; (c) decomposition of V2py/3

region of Sample B.

992 cm™! corresponding to the sequence observed for V,Os sin-
gle crystals [28] and polycrystalline films obtained by ALCVD
[29]. The vibrational Raman active modes of V,0s5 can be
described in terms of vanadium—oxygen stretching modes,
vanadium—oxygen—vanadium bending vibrations and transla-

Intensity (a.u.)

_J b
200 400 600 800
Raman shift (cm1)

1000

Fig. 4. Raman spectra of (a) Sample A500 (Sample A heat-treated at 500 °C;
thickness: 200 nm); (b) Sample A (as-deposited; thickness: 200 nm).

tional modes. The peak centered at 992cm™! is assigned to

the stretching mode related to the shortest vanadium oxygen
bond V=0. The prominent peak at 142cm™! is attributed to
the skeleton bent vibration. It has been related to a deformation
of the bond between different molecular units in the plane of the
layers. Its presence provides evidence for the long-range order
of Sample A500.

The Raman spectrum of Sample A (Fig. 4b) shows a strong
reduction of the intensity, a general broadening of the Raman
bands and several frequency shifts compared to the polycrys-
talline A500 reference sample. The broad band at 507 cm™!
can be decomposed into two components located at 493 and
516 cm™! which probably trace their origin back to the two peaks
at476 and 525 cm ™! in polycrystalline V,05. The complex band
structure in the 200-350 cm™! region can be decomposed into
three components at 240, 264 and 309 cm ™! which are probably
related to the peaks observed at 281 and 299 cm™! in polycrys-
talline V,0Os. The strongest peak at 142 cm™! in polycrystalline
V1,05, appears in sample A with a strongly reduced intensity
and a frequency value shifted towards higher wavenumbers,
160 cm™!. Furthermore, the half-width of this rigid layer-like
mode increases from 6 cm ™! in polycrystalline V,05 to 14 cm™!
the Sample A, suggesting some random potential fluctuations
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arising form the amorphous state. On the other hand, the sharper
band at 1014 cm™! in Sample A compared to 992cm™! in the
reference sample might indicate a strengthened V=0 bond in the
distorted VO5 pyramid (by eventual breaking of one equatorial
V-0 bond) or can also be assigned to an IR-active mode visible
in the Raman spectra of disordered vanadium oxide phases [30].

All these observations are in agreement with the partial loss
of the long range order, the occurrence of structural disorder and
a disordered distribution of the bond lengths in Sample A.

3.2. Electrochemical studies

3.2.1. Charge/discharge cycling

Fig. 5 shows the first five charge—discharge cycles (rate: C/10)
between 1.5 and 4.0V versus Li/Li* for Sample A. The ini-
tial open circuit voltage of the amorphous V,05 film is about
3.33V versus Li/Li*. This value is slightly lower than that usu-
ally observed for crystalline V,0s, due to the presence of small
amount of V4*. No plateau is observed during charge and dis-
charge procedures indicating the absence of phase transitions
concomitant to the Li* insertion/deinsertion process as usually
evidenced for crystalline orthorhombic V,Os films. The absence
of plateaus is characteristic for amorphous films. In the present
potential range the insertion/deinsertion reaction is reversible.
Similar results were obtained with Sample B. Notice that at the
end of the delithiation process, the green initial colour of the
film (due to the presence of V4*) turns to a yellow colour, char-
acteristic of V,0s. It indicates that V#* is re-oxidised in V>*
during the process.

The capacity values, deduced at the end of the delithi-
ation process, as well as the fading capacity during cycle
life were examined from the analysis of the chronopoten-
tiograms. Fig. 6 gives the evolution of the capacity for Sam-
ples A and B. The best electrochemical performance was
obtained for Sample A, with the lowest thickness (200 nm).
For this sample, the capacity slightly decreases during the first
cycles before reaching a constant value of about 455 mAh g~!
(~155 pAh (um x cm?)~1) at €710, giving rise to a composi-
tion of about Li; 9V,0s. This value is much larger than that
reported for crystalline ALCVD V,0s films with the same
film thickness (200 nm). Mantoux [21] recently reported on val-
ues of 125mAhg~! (45 wAh (um x cm?)~!) and 220mAh g~!
(80 wAh (um x cm?)~!) between 3.8-2.8 V versus Li/Li* and
3.8-2.2 V versus Li/Li*, respectively. With increasing thickness,
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Fig. 5. Five first charge—discharge chronopotentiograms obtained with Sam-
ple A in 1M LiClO4-PC at room temperature. Potential window for the
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Fig. 6. Evolution of the reversible capacity obtained in 1 M LiClO4-PC with
Samples A and B. Potential window for the charge—discharge cycling: 4.0-1.5V
vs. Li/Li*. Rate: C/10. $=0.785 cm?.

the capacity values decrease, probably due to the fact that the
insertion/deinsertion process only occurs into the outer oxide
layer of a finite thickness and not in the entire bulk. Thus,
the reversible capacity of Sample B (450nm) is only about
275mAhg~! after 100 cycles. For crystallised ALCVD V505
thin films with the same thickness, a drastic decrease of the
capacity was observed only after few cycles [21]. This was
explained by a decrease of the cohesion between the crystal-
lites within the film and/or adhesion to the substrate surface, as
a result of annealing. Without thermal annealing, the cohesion
of the film is significantly enhanced, and so, the electrochemi-
cal performance. For comparison, the capacity of Sample B is
constant upon cycling (Fig. 6), indicating a good stability of
the film upon insertion/extraction of lithium. Moreover, in con-
trast to amorphous VO films deposited by other techniques such
as PLD [9], the use of liquid electrolyte does not give rise to
capacity fading upon cycling.

Finally, the influence of the charge—discharge rate (from C/10
to 25 °C) on the insertion/deinsertion process was studied. The
results obtained with Samples A and B are presented in Fig. 7.
As shown, the capacity recorded is large, even for very high dis-
charge rates. For example, Sample A exhibits a capacity of about
140mAhg~! at 25°C (i.e. 50 wAh (um x cm?)~1). In addi-
tion, in spite of very high charge/discharge rates, the reversibility
of the insertion/deinsertion reaction is good, as illustrated in
Fig. 8 showing the 10 first cycles for Samples A and B at 25 °C.
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Fig. 7. Influence of charge/discharge rate on the reversible capacity obtained
in IM LiClO4-PC with Samples A and B. Potential window for the
charge—discharge cycling: 4.0-1.5V vs. Li/Li*. §=0.785 cm?.
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Fig. 8. Evolution of the reversible capacity obtained in 1 M LiClO4-PC with
Samples A and B during the 10 first cycles. Potential window: 4.0-1.5V vs.
Li/Li*. Rate: 25C. §=0.785 cm?.

3.2.2. Determination of the kinetics parameters

The insertion/deinsertion process is governed by the diffu-
sion of Li* into the host structure and this phenomenon must
be both reversible and rapid for good battery performance. The
determination of the kinetics parameters, notably the lithium dif-
fusion coefficients can be carried out using an original approach
described in detail elsewhere [24]. It is based on fitting of the
chronopotentiogram curves, taking into account the dependence
of the lithium diffusion coefficient on concentration. By this,
chronopotentiometry may provide information on the intercala-
tion/deintercalation process over a larger concentration range.
The values obtained from the fit of the chronopotentiograms
are usually different from those obtained from the impedance
measurements. This is simply explained by the fact that the
diffusion coefficient values, deduced from impedance measure-
ments, are obtained at equilibrium and correspond to a known
stoichiometric composition and cell voltage. In contrast, the new
approach proposed here provides more accurate determination
of the transport mechanism and more correct of values for the
diffusion coefficient.

The determination of the diffusion coefficient may briefly be
explained as follows: if one consider a classical reversible redox
reaction, the flux of electroactive species, for a one-dimensional
system, is defined as:

F
J = R—DCVE = —Dc— (1)

In a non-stationary situation, the concentration obeys the fol-
lowing mass balance equation:
dc nF d dE dc

D — 2)

dr T TRTdx \ de dx

In solid state, the non-dependence of the diffusion coefficient on
the composition of the diffusing medium is not usually observed.
For example, in the case of lithium intercalation into host mate-
rials a dependence of the lithium coefficient diffusion is often
pointed out and therefore, must be considered in the calculation
to obtain a correct description of experimental results. Therefore,
for a reliable description of the reality, a variation of D= f(c)
for the derivation of the term in the right side of Eq. (1) must be
taken into account. The diffusion equation including the factors

of solid state-diffusion is now:

de nF b dEd2c+ D4 dD\ dE
de __nt}J . aedc Pl Bid
dr RT de dx? dc / dc
D PE| /de\? 3
Pl
dc? dx

The potential of the electrochemical intercalation of Li* into the
host materials during the reduction step is defined by:

RT
E=E’— “In(yc) )
nF

and so, Eq. (3) can be written:

2
de _ D(1+cd(lny)) dc+{dD (1+cd(]ny))

dr dc dx? dc dc

diny)  d*(ny) de\?
+D ( dc te dc? )} (dx) )
The integration of diffusion Eq. (5) is rather impossible. There-
fore, digital simulation is the only way to treat the problem
comprehensively. For that, one considers that the space (x coor-
dinate) is divided into small intervals of length Ax and the time
into small time steps, At [31]. In the finite difference scheme the

continuous functions are finitized, with centred finite difference
for the space derivatives:

dzc _ C;—Ax - 2C/t\f + C;+Ax 6
2] (Ax)2 ©
t
<dc)2 _ (Creas =G = ) ™)
dx /, (Ax)?
de _ C;+At _ cﬁc (8)
). At

The calculation follows a forward explicit scheme in which the
composition profile of diffusing species at time ¢+ At is com-
puted from the profile at time t according to Eq. (5), with

At
A
= (G ) {ores -2 s

dD / 1 1 2 t
+ Faa + DFa (Cx+Ax - Cx)(cx - Cx—Ax) ©

I', is thermodynamic factor and I'), its derivative,

,dlny
Iy,=1+c¢c, i (10)
dlny d? Iny
’ t
a= T4 T4 n

The function, In(y), is deduced from the titration curve. The
function, D = f(c), is assumed to be known. The current density,
Jjo, is calculated from the flux of electroactive species at the
electrode surface.

The first step of this method is to record the evolution
of the open circuit voltage (OCV) and closed circuit voltage
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Fig.9. A:Closed circuit voltage (CCV) and @: equilibrium open circuit voltage
(OCV) of Sample A in PC-LiClO4 1M at 25 °C vs. lithium intercalation ratio,
yin Li,V;0s. Rate: C/10.

(CCV). At first, a constant current is applied to the working
electrode (amorphous V,0s5) during a sufficient time, #1, in
order to reach a constant discharge potential denoted CCV
(called closed circuit voltage), which corresponds to a dis-
charge ratio, y, and a composition of Liy; V2Os. Secondly, the
current is cut and the system relaxes towards an equilibrium
state, corresponding to an equilibrium potential OCV; (open
circuit voltage). The latter is considered to be reached when
the derivation of potential is less than 0.2mV h~!. The proce-
dure is repeated until a CCV value of 1.5V versus Li/Li* is
reached.

The evolution of the OCV and CCV curves for Sample A is
presented in Fig. 9. As shown previously, the discharge poten-
tial gradually decreases and the recharge potential gradually
increases, without any plateau versus lithium intercalation ratio,
y. This indicates that the amorphous oxide is a single ternary
phase electrode material Li, V205 with a continuous variation
of its composition on discharge and recharge. As illustrated in
Fig. 10, the calculated curve fits very well the experimental curve
in considering a diffusion process with a variable diffusion coef-
ficient. Moreover, no significant discrepancy appears between
the two curves. The detailed analysis of the diffusion mecha-
nism involves the thermodynamic enhancement of the diffusion
transport, which is directly deduced from the emf measurement.
Therefore, this treatment of the electrochemical experiments is
more coherent.

According to the value of the thermodynamic factor calcu-
lated from the OCV curve, the calculated chemical diffusion
coefficient is given by:

i dl dd
p=_pind _p(4 40y (12)
dlnc dc

The variation of the Dy ; values for Samples A and B deduced
from the fitting of the chronopotentiograms using the theoretical
approach described above are presented in Fig. 11. Whatever
the sample, a gradual decrease of Dy is observed due to the
decreasing probability to find an unoccupied site close to an
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Fig. 10. Experimental and calculated chronopotentiograms for lithium insertion
in amorphous thin V705 films in PC-LiClO4 1 M at 25°C. (a) Sample A; (b)
Sample B. Rate: C/10. S =0.785 cm?.

occupied one. The highest Dy ; values are obtained with Sample
A which exhibits the best electrochemical performances upon
cycling, i.e. the highest capacity values. For this sample, Dy;
varies from 3 x 10712 to 1.2 x 10713 cm? s~! for increasing y-
values comprised between 0 and 3.

3.3. Physico-chemical analyses after lithiation

Finally, Samples A and B were also studied after several
charge/discharge cycles both by AFM and micro-Raman spec-
trometry to study the effect of the insertion/deinsertion of Li* on
the nature and the roughness of the vanadium oxide films. Each
analyse was performed in a de-lithiated state, i.e. after reoxida-
tion of the sample.
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Fig. 11. Values of the chemical diffusion coefficient, Dy; obtained from the
fitting of chronopotentiograms with Samples A and B in PC-LiClO4 1M at
25°C vs. lithium insertion ratio, y in Li, V,Os. Rate: C/10. §=0.785 cm?.
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Fig. 12. Raman spectra of (a) and (c) Sample A after 20 charge—discharge cycles
(C/10) between 4.0 and 1.5V vs. Li/Li* in PC-LiClO4 1 M; (b) Sample A before
cycling.

3.3.1. AFM observations after lithiation

No modification of the film morphology after cycling was
observed by AFM (not shown here). In accordance, no sig-
nificant difference in roughness was observed on the different
replicas and different zones. For example, the R.M.S. value
obtained for Sample A was determined to 43 2 nm, which is
very similar to the value obtained for the same sample before
cycling (46 + 2 nm), indicating good stability of the vanadium
film upon cycling.

3.3.2. Micro-Raman spectroscopy after lithiation

Raman spectra were recorded at different points of the sur-
face (at least 10). In the major part of the surface, the Raman
spectra of the cycled Sample A (Fig. 12c) are very similar to
that of the starting amorphous material (Fig. 12b). Neverthe-
less, in the minor part of the surface, some new features in
the high frequency region hint that the Li insertion may have
caused some irreversible changes onto the vanadyl V=0 bond
(Fig. 12a). Besides the Raman peak at 1010 cm ™!, characteris-
tic for the starting material, new Raman bands were observed at
lower frequencies, namely at 1002, 981, 956 and 933 cm~ L. The
shift towards lower frequency may indicate a weakening of the
vanadyl bond upon lithium insertion and is in good agreement
with the results previously obtained on polycrystalline V,0s5
films [29]. The persistence of such peaks in the cycled sample
can be interpreted by some remaining lithium ions trapped in
the oxide lattice after reoxidation. Again, one must notice that
this observation was done only in some parts of the surface.

4. Conclusion

We report here for the first time the electrochemical properties
of amorphous vanadium oxide films deposited by atomic layer
chemical vapour deposition (ALCVD). Micro-Raman and XPS
analyses revealed that these films are constituted mainly of V,0s5
but, according to the XPS measurements, small amount (*210%)
of V* is present in the amorphous films, at least on the film
surface, independently on film thickness.

In contrast to annealed vanadium oxides films, the inser-
tion/deinsertion reaction may be performed in a very large
potential window, between 4 and 1.5V versus Li/Li*, without
any modification of the electrochemical performance. The best
electrochemical performance was obtained for the amorphous
film with a thickness of 200 nm. For this film, the reversible
capacity, reached between 4.0 and 1.5 V versus Li/Li*, was close
to 455mAhg~! (=155 wAh (um x cm?)~!) after about 100
cycles. The capacity of the amorphous films is much higher than
that obtained for the annealed films. For comparison, the capac-
ity was only 220mAh g~! (80 wAh (um x cm?)~!), obtained
between 3.8 and 2.2V versus Li/Li*, for the crystalline film
with the same film thickness. In addition, no capacity fading was
observed with amorphous films, independently on thickness, as
was observed with crystallised vanadium oxide films thicker
than 200 nm. Finally, the yellowish colour of the film observed
after cycling is an indication that the V** initially present is
oxidised into V>*.

The results presented in this paper demonstrate the very good
lithium intercalation properties of the amorphous vanadium
oxides films deposited by ALCVD. In contrast to annealed crys-
talline films and also amorphous films obtained by other depo-
sition techniques, the amorphous films prepared by ALCVD
can support stress generated by insertion/deinsertion of lithium
into the host structure without significant structural damages
and degradation upon cycling, even at low potentials. There-
fore, as-deposited vanadium oxide films prepared by ALCVD
technique are attractive new materials for lithium intercalation
applications and can be considered as promising candidates for
cathode materials in lithium microbatteries. Finally, this work
is the first step for the preparation of a complete all-solid state
thin film microbattery.
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