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A detailed picture is reported of the nature of an Li insertion Ni—V mixed-oxide electrode and of its
evolution upon prolonged intercalation/deintercalation cycles. A combination of bulk and surface-sensitive
techniques is used, including electrochemical analysis (cyclic voltammetry, impedance spectroscopy),
atomic force microscopy (AFM) and XPS. The Ni-V oxide film, obtained by r.f. sputtering as a thin film on
conductive glass for use as a transparent electrode in electrochromic windows, is an Li insertion material
with high charge capacity, very good reversibility and a surface morphology characterized by a low initial
roughness. Its surface composition shows an initial Ni enrichment. The nominal Ni-V stoichiometry is
recovered already after ten cycles. Extended Li charge—discharge cycles induce progressive changes in the
electrode reversibility (capacity fading) and in the reaction kinetics (increase of impedance). The surface
evolution consists of the progressive accumulation of an Li carbonate layer, with thickness and roughness
increasing with the number of cycles. The constancy of the core level and Auger peaks of Ni and V after
100 cycles excludes major changes in the electronic structure of the host oxide. However, electrochemical
and AFM experiments performed after 1000 cycles indicate that the carbonate deposition on the electrode
progresses further, therefore the surface layer is unable to yield a permanent electrode passivation and

stabilization. Copyright © 2002 John Wiley & Sons, Ltd.
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INTRODUCTION

Transition-metal oxides are widely studied for rechargeable
lithium batteries, in search for intercalation compounds
with improved structural stability and good electrochemical
performance. The same compounds have often been chosen
in the form of powder for Li batteries, and of thin film as
transparent electrodes for electrochromic devices (ECD), in
order to act as host in the Li intercalation reaction. A peculiar
feature of the vanadate-based materials is the flexibility
and tunability of their electrochemical behaviour. According
to their composition and crystal structure they can act as
either anodes or cathodes with large specific capacity 1> and
many vanadates keep a low optical absorption in the visible
range both in the charged and in the discharged state. This
last property makes vanadates ideal candidates as optically
passive counter-electrodes in ECDs with very high visible

light transmittance.’
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An important issue to be addressed for ECDs and
rechargeable battery application is the electrode capacity fad-
ingover the first few cycles and the intercalation irreversibil-
ity over several hundreds or thousands of charge—discharge
cycles, which would limit the lifetime of practical devices.
With respect to this issue, a very important role in the
device lifetime is played by the surface of active Li inter-
calation materials, because even small changes in surface
properties can greatly affect the reaction kinetics. This is
especially true for thin-film electrodes, for which there is
a very high surface-to-volume ratio compared with that of
other intercalation electrodes.

Basic electroanalytical characterization such as cyclic
voltammetry (CV), chronopotentiometry or electrochemical
impedance spectroscopy (EIS) can point out bulk processes
(e.g. phase transitions or amorphization upon discharging,*
Li irreversible retention) and sometimes surface processes
(e.g. electrode passivation or modification).” To understand
the complicated surface modifications of intercalation elec-
trodes, several authors have resorted to spectroscopic mea-
surements (FTIR, XPS)® and to morphological analysis on the
nanometre scale by atomic force microscopy (AFM)” in con-
junction with EIS.® Photoelectron spectroscopy in particular
is a powerful tool for the interpretation of electronic changes
in Li intercalation materials being able to address selectively
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each constituent element prior to and after reaction. Relevant
issues have been addressed on intercalated electrodes, by
conventional or more recently synchrotron radiation-excited
photoemission.®1?

The versatility of XPS is exemplified in studies on
the electronic structure of well-established electrochromic
materials such as WO;,!! on in situ investigations on large-
area electrode materials'?> and on the determination of the
surface composition of reactive electrodes as a consequence
of the use of different electrolytes or solutions.'®

The aim of our paper is to monitor the evolution of some
aspects of Li insertion reaction that are mostly relevant to
the performance of an intercalation electrode. We have, in
fact, followed the capacity fading and the surface passiva-
tion during the first hundreds of charge—discharge cycles
by complementing the basic electrochemical techniques with
the surface-specific methods of AFM and XPS. This comple-
mentary approach was considered to be important in the
case presented here, where a new material based on mixed
Ni-V oxides was developed in our laboratory that was very
promising as an optically passive transparent electrode for
ECDs with high charge capacity'* but is affected by a minor
but significant and undesirable passivation effect.

The performance and lifetime of such thin-film oxides
have been studied recently by means of several electro-
chemical techniques'® and was among the best recorded
so far for this kind of film electrode: after 1000 cycles the
fading of the charge capacity was less than 0.01%, when
the inserted charge was still as large as 44 mC cm~2. Nev-
ertheless, the evolution of the film impedance, increasing
with the number of charge-discharge cycles, was a matter of
concern because it is an indication of a kinetic barrier grow-
ing up in time. Such modifications of the electrochemical
behaviour were attributed to surface changes, and deserve
further and detailed investigation with specific, sensitive
experimental methods.

EXPERIMENTAL

Nickel-vanadium mixed-oxide thin films have been pre-
pared by r.f. sputtering on substrates of ITO (indium tin
oxide)- coated glass. The samples were obtained using a tar-
get made of cool-pressed powders of NiO (Cerac) and V,Os
(Cerac) mixed in an Ni/V atomic ratio of 1:4. The working
pressure in the deposition chamber was 30 mTorr and argon
and oxygen partial pressures werein the ratioof 5: 1. The r.f.
power applied was 200 W. Film thicknesses, measured by
optical methods with a Perkin-Elmer A9 spectrophotometer,
were found to be ~110 nm. The morphology of the NiV-
oxide layer, as revealed by AFM (VT-UHV AFM-STM by
Omicron), was very homogeneous and flat in the scanning
rangesof 5x 5,2 x2 and 1 x 1 um?, which is very similar
to the morphology of the ITO substrate.

All electrochemical measurements were performed in
three-electrode cells hermetically sealed under an argon
atmosphere in a glove box. Lithium metal was used as
counter- and reference electrodes whereas the working
electrode was the thin-film oxide under investigation. The
electrodes were immersed in a 1M solution of lithium per-
chlorate in propylene carbonate. To promote Li insertion and
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ageing of the electrode, CV and chronopotentiometry were 61
accomplished between the potential limits of 1.0and 4.5 Vvs. 62
Li/Li*, using an EG&G PAR 273 potentiostat/galvanostat. 63
The CV curves were recorded after various cycles at a scan 64
rate of 20 mV s7! and the galvanostatic measurements were 65
carried out at constant current densities of 450 pA cm~2. 66

A frequency response analyzer module, coupled with a 67
potentiostat/galvanostat Ecochemie Autolab 12, was used 68
to measure the complex electrode impedance, taking an a.c. 69
modulation amplitude of 10 mV rms in the frequency range 70
from 50 KHz to 1 mHz. A set of spectra was taken after ten 71
voltammetric cycles. Each spectrum was recorded after a 72
charge of 5mC cm™ has been injected at constant current 73
(I = 20pAcm™2; t = 250s) and an open-circuit time of 74
20000 s has been allowed to reach a steady state (a variation 75
of 8 x 107 V s~ has been recorded after this equilibration 76
time). After the impedance measurements, the samples have 77
been deintercalated up to a potential of 4.5 V vs. Li/Li" and 78
allowed to relax at open circuit until they reach a stable 79
Vo value. 80

In order to follow the evolution of EIS spectra upon 81
cycling, impedance measurements have been carried out on 82
Ni-V samples after various CV cycles. All films have been 83
cycled in the potential window of 1-4.5 V vs.Li/Li*,atascan 84
rate of 20 mV s7!, and the EIS spectra have been recorded 85
after complete deintercalation (4.5 V) of the samples and 86
after an equilibration time of 7200 s. After EIS measurements, 87
the sample held in either the intercalated or deintercalated 88
state was withdrawn from the cell, washed in acetonitrile, 89
dried and transferred under an argon atmosphere to the 920
Omicron AFM, where most images of the deintercalated 91
samples were taken in air. After that, the sample was 92
returned to the electrochemical cell for further cycling. 93
For a better reproducibility of the working conditions, 94
as in a real device, the cell electrolyte was not changed 95
between AFM measurements taken at the various cycles. 96

To wverify the homogeneity of the samples, four different 3;

99
100
10

areas were scanned, usually a few millimetres apart. The
relevant quantity directly calculated from the images is the
rms roughness, defined as the standard deviation of the
pixel height.

The XPS measurements were conducted on Ni-
oxide samples as-prepared and after 10 and 100 interca-
lation/deintercalation cycles. In order to minimize charging
under x-rays, the samples were mounted on conductive
stubs by means of a small Cu spring pressed against the
ITO conductive layer in the region used for contacting the
electrodes. The as-prepared sample was stored in air after

v 102
103

108

preparation, and measured as such. Special care was taken in
order to avoid surface contamination of the treated samples
and to prevent air exposure of the 10 and 100 cycle samples
during their transport from the dry-box, where the interca-
lation/deintercalation cycles were performed, and the XPS
instrument. Samples were treated electrochemically shortly
before each XPS analysis, and transferred at the end of each
electrochemical treatment in a vacuum-tight stainless-steel
vessel preventively introduced in the Ar-filled dry-box and
equipped with a transfer mechanism and an ultrahigh vac-
uum (UHV) valve. The vessel was then connected to its
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dedicated flange on the XPS instrument, the dead volume
was evacuated before opening both the vessel and the XPS
preparation chamber valve, and the samples were even-
tually placed inside the holder in the XPS chamber. The
XPS spectra were acquired with a VG Escalab Mk II spec-
trometer (CNR, Area della Ricerca di Roma, Montelibretti),
equipped with a hemispherical analyzer operated in fixed
analyzer transmission (FAT) mode with a pass energy of
20 eV. Unmonochromatized Al Ko photons (hv = 1486.6 eV)
were used to excite photoemission. The x-ray beam inten-
sity was set to 280 W (14 kV x 20 pA) in order to obtain
a good signal-to-noise ratio, particularly at the Li 1s core
line. The binding energy (BE) scale was calibrated by taking
the Au 4f7, peak at 84.0 eV. In these conditions, Cu 2p, ,
and Ag 3ds), lines fall at 932.7 and 368.3 eV, respectively.
All BEs are referenced to a value for the residual pump
oil contamination-related C 1s peak taken at 285.0 eV. The
spectra were collected by a u-PDP 11/83 DEC computer
and processed by means of VGS 5250-SI software (ver-
sion of Feb. 1991). A series of commercially available DOS
and Windows routines were used for data analysis. The
accuracy of reported BEs is +0.2 eV and the reproducibil-
ity of the results is within these values. Atomic ratios for
the as-prepared sample have been calculated from the ratio
of the peak areas normalized by atomic cross-sections and
corrected for an inverse dependence of the square root of
kinetic energies. The contribution from the Ni 2p, , shake-
up satellite was added to the parent peak area. Atomic
ratios are associated with an error of £10%. In the case of
the deintercalated samples, where a carbonate overlayer is
established, the same approach was used for the following
reasons. The AFM images do not allow a confident estimate
to be made of the relative fraction of exposed vs. covered
Ni vanadate surface, because it does not allow for chemi-
cal assignment. Moreover, the height of the deposits seen by
means of AFM is quite variable on the nanometre scale. In the
absence of such crucial information, a decision was made not
to introduce arbitrary corrections to the basic quantitation
model, and to refer to future spectromicroscopic measure-
ments with synchrotron radiation for a very accurate local
quantitation.

RESULTS AND DISCUSSION

Cyclic voltammetry

Studies of the intercalation mechanism of lithium in Ni-V
mixed-oxide thin films have been accomplished by simulta-
neous CV and EIS characterization. The electromotive force
of the as-deposited thin films was found to be 3.5V vs.
Li/Li* immediately after cell assembling. The behaviour of
r.f.-sputtered thin films of vanadium-nickel mixed oxides
during CV has been investigated already by Lourenco et al.1
In order to reach a better resolution, a CV curve at the 10th
cycle has been recorded at a slow scan rate of 1mV s™!
and is reported in Fig. 1(a). The sample showed an elec-
trochemically active region between 1.5 and 3.5V. Two
well-distinguished cathodic peaks appear, whereas during
the positive scan the oxidation peaks were less separated.
Because the positions of these peaks are quite similar to

Copyright © 2002 John Wiley & Sons, Ltd.
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Figure 1. (a) Cyclic voltammogram (10th cycle) of Ni—-V thin
oxide film recorded at a scan rate of 1 mV s~. (b) Cyclic
voltammetry curves recorded after 10, 100 and 1000 cycles at
ascan rate of 20 mV s~ 1,

those of V,0s5 reported in the literature,'® it could be sup-
posed that only vanadium participates in the redox reaction
and nickel is not electrochemically active during the interca-
lation/deintercalation process. This was confirmed by XPS
analysis, which showed no evidence of nickel reduction due
to lithium insertion.

In order to determine the stability of the film upon
prolonged cycling, the CV curves after 10, 100 and 1000
cycles have been compared (Fig. 1(b)).

Most of the irreversible charge is retained permanently
during the first cycle (18% of the charge inserted) but a
capacity fading occurs also with prolonged electrode aging
(the'sample showed a capacity loss of 14% from the 10th to
the 100th cycle and a further loss of 23% after 1000 cycles).

At the 10th cycle the charge capacity was as high as
40.7 mC cm™? (corresponding to an insertion level of 1 Li
ion per V atom) for a CV at a scan rate of 20 mV s71, and
the electrochemical process had good reversibility. Further
cycling up to 100 CV scans led to a small loss of capacity down
to 35.0 mC ecm™2. After 1000 cycles the intensity of the peaks
decreased and the charge capacity dropped to 26.7 mC cm~2.
Moreover, the anodic peak was displaced to higher potentials
with respect to the cathodic one (3.2 V). This behaviour can
be attributed to a decrease of the ionic diffusion rate and to an
increase of the electrode resistance, such as that of resistive
layers grown on a passivated electrode surface. In fact the
problem of the stability of Ni-V thin-film electrodes under
cycling has been correlated to the presence of films formed
on the surface of the active oxide when these electrodes are
cycled between low and high potential limits in lithium
salt non-aqueous solutions. The idea that the formation
of surface deposits due to electrode—solution interactions
occurs during intercalation/deintercalation cycles has been
based also on extensive studies that included morphological
and structural analysis (AFM, XPS) in conjunction with EIS.
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Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy was used as a tool
to investigate the film electrode intercalation kinetics and in
particular for a better comprehension of surface phenomena
occurring at the electrode/electrolyte solution interface.
Our attention was mainly focused on the qualitative
study of EIS spectral evolution upon intercalation and
prolonged cycling. Figure 2 shows a series of impedance
plots measured after ten charge—discharge cycles at different
intercalation levels (corresponding to different potentials) in
1M PC/LiCIO; solution. Before recording each spectrum,
a charge of 5mC cm~2 was injected and enough time to
reach a steady state was allowed. The spectra are strongly
potential dependent and clearly reflect the multistep nature
of the overall lithium insertion process. Good separation of
the relevant time constants was obtained. The first high-
frequency semicircle does not depend on the intercalation
level and probably reflects the involvement of an Li ion
migration step through a thin layer on the electrode surface.
The overall Li insertion into the vanadium-oxide includes
a necessary step of Li ion migration through the surface
layer that is initially formed. The high-frequency loop has
been interpreted as the electrical response of this surface
layer.!”

The second arc, which clearly appeared only after an
inserted charge of 25 mC cm ™2, can be ascribed to the charge-
transfer resistance R and to a double-layer capacitance Cq
at the interface between the surface films and the active oxide
thin-film electrode. This second semicircle depends strongly
on the potential (it becomes wider with potential lowering
and consequently with lithium insertion), probably because
of interfacial phenomena connected to the increase in Li ion
concentration, or due to the more insulating character of this
mixed vanadium oxide with a larger intercalated charge.
This enlargement, however, is reversible (the semicircle
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Figure 2. The EIS spectra (50 kHz—1 mHz) of Ni-V thin oxide
film recorded after 10 charge—discharge CV cycles at different
intercalation levels (inserted charge from 10 mC cm~2 to

35 mC cm™2).

Copyright © 2002 John Wiley & Sons, Ltd.

appeared to contract upon deintercalation), as evidenced
by EIS measurements taken after lithium deinsertion.

Referring to the work of Shibuya etal. on Li,CoO,®
we can speculate that the increase of the charge-transfer
resistance with the intercalation level can be connected with
a decrease of the electronic conductivity of the film.

The time constant of the charge-transfer process merges
with that related to the semi-infinite solid-state diffusion
of lithium inside the film, which is usually represented in
the impedance spectrum as a straight line at ~45° in the
medium-frequency range. At low frequency the spectra are
characterized by an almost vertical line that is typical of
intercalation electrodes in the form of thin films deposited
on electronic conductors impermeable to Li ions. This part
of the spectrum is determined by the ion accumulation in
the finite volume of the thin film. The slope slightly below
90° was explained by other authors'® as being due to the
roughness at the blocking electrode/electronic conductor
interface in the case of porous films.

The effect of repeated intercalation/deintercalation
cycles on the electrochemical performances of the Ni-V
thin-film electrodes has been investigated and the results are
reported in Fig. 3. The series of spectra clearly shows that
upon cycling the high-frequency semicircle became grad-
ually larger, indicating both a thickening of the surface
passivating layers and an increase of the charge-transfer
resistance. The formation of surface deposits under elec-
trode aging has been discussed extensively by Aurbach
et al. in different works aimed to investigate the interactions
between electrode materials for lithium batteries (graphite,
Li,Co0O,, LiyNiO;, Li,Mn, 0Oy, etc.) and non-aqueous lithium
salt solutions.®1520 They also suggested a model for fitting
the EIS spectra, including a Randles circuit in series with a
Voigt-type analogue (several elements in series, constituted

by a resistance and a capacitance in parallel) and reflecting
the Li ion migration through the multilayer surface films.
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Figure 3. Evolution of impedance spectra (sample as in Fig. 2)
as a function of cycling. Spectra were taken, always in the
deintercalated state, from the highest to the lowest frequency
(50 kHz-1 mHz).
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The same model has been applied by us in a previous work
on the Li intercalation kinetic studies of r.f.-sputtered Ni-V
thin film.'> As will be discussed the next section ex situ
AFM measurements confirmed that after repeated long cycle
operation the electrodes become more extensively covered
by a surface film: the nature of this surface layer has been
investigated further by XPS measurements.

Atomic force microscopy

The value of the real surface area is a very important parame-
ter to estimate the electrochemical activity of deposited films.
In order to evaluate it, we performed AFM measurements
on samples treated differently. We measured samples inter-
calated and deintercalated from 10 to 1500 times. Following
the electrochemical cycling, analysis of the images revealed
three main morphological changes in the surface structure of
the samples.

Sr

M a) As deposited [

0 1 2 3 4

5 um

Ni-V transparent oxide films

The morphology of the as-deposited sample surface
showed a well-ordered array of round-shaped grainslike
the homogeneous ITO substrate on which the film has
been grown. The grain mean lateral size is 50-100 nm,
with an average height of ~20 nm. These samples showed a
roughness (6 & 2 nm) comparable with that of the substrate
(see Fig. 4(a)). This could be explained by assuming that
the growth has been ordered on it, transferring on the film
surface the substrate morphology. The result indicated that
the films were homogeneous and the real surface was just
10% greater than the geometrical one (i.e. the surface can
be assumed to be totally planar). The first visible effect of
the cycling (Fig. 5(a)) was the unexpected formation of some
bidimensional structures (whiskers or polymeric ribbons) on
the surface of the sample. The formation of those structures
was typically seen after 10-20 cycles. Those structures were
up to 4 pum long, 100 nm wide and 100 nm high. On the

b) 10th cycle

oL

S um

Figure 4. The 5 x 5 um? AFM images of Ni-V mixed-oxide thin film as-deposited (a) and deintercalated (b—d) after CV cycles. The
image of the as-deposited sample (a) shows a regular and ordered array of round-shaped grains with a roughness value of ~6 nm.
After 10 cycles the image shows a partial coverage of the as-deposited surface (b). In this case an increase of the mean grain lateral
size and roughness (~9 nm) can be seen. When the number of cycles goes to 500 (c) and 1500 (d), the round-shaped structures
tend to cover the whole surface. A simultaneous increase of the roughness can be seen: 40 nm after 1500 cycles (see Fig. 6).

Copyright © 2002 John Wiley & Sons, Ltd.
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a) 10th cycle

0 2 4 6 8 10 12 14 pum
Figure 5. The 15 x 15 um? AFM images of Ni-V mixed-oxide
thin films after 10 (a) and 100 (b) CV cycles. At this frame size it
is possible to observe the formation of some ‘stripe-shaped’
structures up to 4 um long. After 100 cycles, these structures
cover the surface more homogeneously than for a lower
number of cycles. They become small, disordered and

round shaped.

scanned areas where those structures did not cover the
deposited film, we observed an'Ni—V oxide layer not much
different from the as-deposited surface (Fig. 4(b)). Software
calculation of rms roughness give a value of 9 +2nm and
the calculated area of the real surface was 12% greater than
that of the geometrical one. Such roughness is comparable,
if not equal, to that of the pristine films.

After 500 cycles the bidimensional structures disappeared
and the surface morphology became different (see Fig. 4(c))
due to the formation of round-shaped cluster of flakes
deposited all over the sample. The mean lateral grain size
increased up to 200-300 nm. The roughness reached a value
of 25 &+ 4 nm and the real surface area was 20% greater than

Copyright © 2002 John Wiley & Sons, Ltd.

the geometrical one. After 1500 cycles (Fig. 4(d)) the surface
morphology was different from one sample to another. Some
samples showed very large grains (1000 nm), whereas, others
presented much smaller grains (400-500 nm). Both types
of samples showed a quite similar mean rms roughness
of ~40nm and a real surface area 30% greater than the
geometrical one.

Images 15 x 15 um? after 10 (Fig. 5(a)) and 100 (Fig. 5(b))
CV cycles can give an idea of what happens on the surface
after a few cycles. On a large scale, the formation of some
‘stripe-shaped’ structures can be seen. After 100 cycles, these
structures cover the surface more regularly than before,
becoming small, disordered and round shaped.

As mentioned before, we assumed that the rms rough-
ness—related to the real surface area value—was the mean-
ingful parameter. A plot of the roughness vs. cycle number
showed a monotonic slope that confirmed roughening of the
surface sample with increasing cycling, as can be seen in
Fig. 6.

X-ray photoelectron spectroscopy

The XPS investigation was concentrated on characteri-
zation of the surface effects induced by the intercala-
tion/deintercalation process after 10 and 100 cycles, i.e. when
the surface structures evidenced by AFM are supposedly at
their onset. The electronic structure of the as-prepared sam-
ple, both in terms of BE and of surface composition, was
explored and compared with the cycled samples.

In the investigated series, the Ni 2p ionization spectrum
is invariably composed of a main ionization peak falling
in the narrow range 856.5-856.7 eV plus shake-up satellites
due to the excitation of an Ni 3d electron into an unoccupied
Ni orbital concurrently with the emission of photoelectrons
(Fig:7). The presence of shake-up satellites is characteristic
of Ni(Il) paramagnetic species in octahedral and tetrahedral
coordination, as reported in early literature findings,?! where
it has been shown that the satellite number, intensity and
energy separation from main peaks are variable to a large
extent in different species. Based on the phase diagram of
the NiO-V,0s system? and on the experimental conditions

for sample production adopted here, the present sample
composition could be expected to be a mixture of Ni(VOs),
50r I PSR N R T IDE ST SRR P ]
— 30 i i
[72] F i 1
] L | i
s 3
] r i
~ C
10 = i .
ol L P HAPR ) A aer o |5 i i i
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Figure 6. A plot of the mean surface roughness vs. the
number of CV cycles. A monotonic increase of the roughness
value with the cycling number is shown on the graph.
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Figure 7. The Ni 2p ionization region (left panel), with the 3/2
spin-orbit component and the shake-up satellite line, and the
Ni LsM4 5M4 5 Auger spectra (right panel) for the Ni-V oxide
samples: as-prepared (a); after 10 intercalation/deintercalation
cycles (b); after 100 intercalation/deintercalation cycles (c).

and V,0s5. V,0s5 has been characterized thoroughly by
photoemission in several publications. In previous reports on
related Ce vanadate samples,”* the V 2p, , BEs for vanadate
and V,0s were shown to fall in a very narrow energy range
(517.45 and 517.545, respectively). This is further confirmed
in Table 1, from a comparison with V 2p, 2 BEs from well-
characterized In VO, and V,05 oxides, both obtained as films
on conductive substrates from a sol-gel route.?*

Among the known Ni vanadate compounds—Ni(VO;),,
Ni,V,0; and Ni3(VOy), —the only species previously inves-
tigated by XPS is, to our knowledge, Ni,V,0O; from Ni and
V powders, used as an Li battery electrode material.”®> The
paper contains no further reference to previous reports on
strictly analogous systems and it lacks indications on the BE
referencing procedures adopted there. Thus absolute XPS
BEs cannot be compared with the present case, and a com-
parison is restricted to a discussion of lineshapes and BE
separations. The Ni 2p lineshape in Ni,V,Oy is close to those

Ni-V transparent oxide films

from the mixed oxides reported here but the energy sep-
aration between V 2p, , and Ni 2p,, is 0.45eV lower. In
the absence of reference XPS spectra, the comparison can
be extended to literature reports on Ni oxides/hydroxides
and related compounds. Although the lineshape of Ni 2p is
close to that of Ni hydroxide and definitely far from the well-
known composite shape of the 3/2 component in NiO,?
its BE is distinctly higher than in Ni(OH), (0.9-1.1eV?;
0.6-0.8%; 0.4-0.6?). Neither assignment, therefore, fits the
data in the present case. The lineshapes and energy positions
of either Ni 2p or Ni LsM,sM, 5 Auger peaks closely match
in the series, as shown in Fig. 7 and by the data in Table 1.
This clearly indicates that the initial electronic state of Ni is
preserved through 100 cycles. It can be useful to recall here
that for an atomic element the sum over the BE of a core line
and the kinetic energy (KE) of an Auger is independent of the
actual choice of a reference line for charging compensation,
the two energy scales (BE and KE) being affected to the same
extent and opposite in sign by any particular choice. The
sum is termed the Auger parameter.”

It is remarkable that the constancy in Ni 2p features (and,
vide infra, in V 2p) occurs but a sizeable variation is shown in
the Ni/V atomic ratio across the sequence of as prepared 10
or 100 cycles. The values reveal an initial surface enrichment
in Ni, whereas the nominal 1 : 4ratio is reached after 10 cycles
and is maintained after 100 cycles. The nominal stoichiometry
would produce O/V and O/Ni atomic ratios of 2.7 and 11.0,
respectively. The 10-cycle sample results in the composition
closest to the nominal in the series, as deduced from the data
in Table 2 (2.6, 8.9).

A comparable constancy along the intercalation cycles is
shown by vanadium, as can be inferred from the values of V
2p,,, BE and full width at half-maximum (see Fig. 8). Either
set of values is fully compatible with a V5 oxidic species,
with no trace of V4*.

The Ni-V electronic structure of the as-prepared Ni-
doped V,0s sample is largely recovered in the fully
deintercalated investigated samples. The result is also

Table 1. The XPS binding energy values (eV), with full widths at half-maximum (eV), reported in parentheses.?

Cls O1ls V 2p3)2 Ni 2p3,2 Lils
As-prepared 285.0 286.4 288.9 — 530.6 531.9 517.6 856.7 —
(1.6) (2.3) (1.8) — (1.6) (2.5) (1.7) (3.1) —
10 cycles 285.0 286.4 288.9 290.2 530.7 532.2 517.8 856.5 55.5
(1.6) 2.3) (1.8) (1.6) (1.6) (2.0) (1.8) (3.1) (2.0)
100 cycles 285.0 286.4 288.9 290.3 530.6 532.2 517.8 856.5 55.6
(1.6) (2.3) (1.8) (1.6) (1.6) (1.8) (1.8) (2.9) (1.8)
Li, CO5? 285.0 286.6 288.9 290.3 — 532.2 — — 55.4
(1.9) (1.6) (2.3) (1.7) — (2.0 — — (2.0
V,05° 285.0 286.6 288.8 — 530.6 532.4 517.7 — —
(1.6) (1.6) (2.0) — (1.6) (2.5) (1.4) — —
InvVO,* 285.0 287.0 289.5 — 530.6 532.7 517.6 — —
(1.8) (1.8) (1.8) — (1.6) (2.5) (1.6) — —

2 Li»COj is a commercial high-purity powder sample from Merck.

®Both V,05 and InVOy are reference samples obtained from sol-gel procedures as thin films on conductive glasses

by Orel and Surca.?* Their composition and structure were preventively investigated by chemical analysis and x-ray

diffraction measurements.

Copyright © 2002 John Wiley & Sons, Ltd.
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Table 2. The XPS atomic ratios (+10%) for the reported
samples.?

V/ Oox/ Li/ Li/ Ocos/ Ocos/

Ni N V. Ccos  Oox Ceos
As-prepared 2.5 2.8 — — — —
10 cycles 3.4 2.6 3.3 3.0 1.8 4.2
100 cycles 3.5 1.8 11.2 2.5 9.2 3.6

2 Component O,y is assigned to the metal oxide in the O 1s
composite peak and Ocosz and Ccos are assigned to carbonate
in the O 1s and C 1s peaks, respectively. The ratios are obtained
from V 2p, /20 Ni 2p, 27 Li 1s, O 1s and C 1s ionization peak
intensities, using the procedure described in the Experimental
section.

Intensity (arb. u.)

T T T T
528 524 520 516

Binding Energy (eV)

T T
536 532
Figure 8. Extended region of the V 2p and O 1s ionization

peaks for the Ni-V oxide sample. Labels (a)—(c) are as in Fig. 7.
The carbonate-related component is as a hatched area.

consistent with our recent XPS experimental findings on
In-V,0s5 analogous species, in which V recovered toqts Vot
original state upon deintercalation, after conversion into V**
upon Li" intercalation.*

The most striking effect of cycling is already evident
after 10 cycles and is definitely confirmed after 100: in
the O 1s and C 1s regions, a new component grows and
the valence band is thoroughly modified (Figs 8 and 9).
The BEs associated with the O 1s and C 1s components
coincide with the values for Li,COs; (see Table1) and
allow for an assignment of the new features to surface
carbonate. The assignment is independently and definitely
confirmed by the valence band spectra reported in Fig. 10.
In Fig. 10 the characteristic ionization peaks for Li,COs;,
which have been assigned to the various antibonding,
non-bonding and bonding combinations of oxygen- and
carbon-derived molecular orbitals in the carbonate ion,’!
are in a 1:1 correspondence with the first four peaks in
the spectrum of the 100-cycle sample and can be easily
guessed in the 10-cycle sample too. A striking similarity
is shown between the Li,CO; XPS valence bond and the
difference spectrum (100-cycle minus as-prepared sample,

Copyright © 2002 John Wiley & Sons, Ltd.

normalized to the V 3p height) displayed in Fig. 11. Further
independent confirmation for the growth of a surface deposit
of Li,CO3 comes from the relative quantitative measurements
in Table 2, where a value of 2.5 £ 10% for the ratio of Li to
the carbonate-related C 1s peak was found after 100 cycles.
Although the formation of surface carbonate deposits has
been reported or speculated on (in some cases with the help
of XPS findings), in the case of Li electrodes and mixed-oxide
intercalation in organic carbonates® the present results allow
the nature of the surface layer to be assigned to Li carbonate
only (within the sensitivity of the method) when propylene
carbonate is the electrolyte.

Remarkable excess in the Li/Ccos ratio, with respect to
the expected Li,CO; stoichiometry, is found after 10 and 100
cycles, compatible with Li ion trapping on the oxide surface
or inside the film.

T T T T T T
C
=l
£
e 7o)\
2 %
a
T T T T T T T T T T T
293 291 289 287 285 283
Binding Energy (eV)

Figure 9. The C 1s photoemission region for the Ni-V oxide
sample. Labels (a)—(c) are as in Fig. 7. The carbonate-related
component is marked as a hatched area.

Li,CO,

MAM

Intensity (arb. u.)

T T T T T T T T T T T T T T T

70 60 50 40 30 20 10 0
Binding Energy (eV)

Figure 10. Valence band photoemission spectra for the Ni-V
oxide sample, including V 3p, Li 1s and V 3s + Ni 3p core
peaks. Labels (a)—(c) are as in Fig. 7.
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Figure 11. Valence band difference spectrum between
samples (c) and (a) in Fig. 10. The two spectra have been
normalized to the intensity of the V 3p core line. The
corresponding spectrum from a powder sample of LioCOg3 is
included for comparison.

As to the morphology of the surface layer, XPS data
are compatible with a discontinuous deposit, suggested by
AFM images, because Ni and V core lines are clearly visible
even after 100 cycles, when the Oco3/Ooxide atomic ratio is
as high as 9.5. If a continuous layer were to be formed, its
thickness should be smaller than the escape depth for Ni
2p photoelectrons in Ni(I) oxide/hydroxide, estimated as

2.4nm.>

CONCLUSIONS

The Ni-V sputtered oxides studied in this paper behave
as efficient and almost reversible Li insertion transparent
electrodes for several hundred charge-discharge cycles.
The initial film composition, for which the Ni-V-O phase
diagram suggests a 1:1 mixture of Ni(VO;3), and V,0s
oxides, results in a slight surface enrichment of Ni.

The AFM images show uniform morphology of the pris-
tine films with a low surface roughness (6 + 2 nm). The AFM
images and XPS spectra of the electrodes used were com-
pared with those of the pristine sample after completing
multiple Li electrochemical insertion—deinsertion experi-
ments, followed by EIS. Activation of the full insertion
capacity of these films, typically requiring 2—5 voltammet-
ric cycles and the permanent retention of 1/5 of the total
reversible charge, did not significantly change the overall
film morphology, apart from the appearance of sparse crys-
tals of elongated shape onisolated spots of the electrodes. The
top surface layer contains some Li carbonate already after
the 10th cycle, according to XPS results, and responds (at
high modulation frequencies) as an Li-permeable, potential-
independent RCe analogue in EIS. The excess in the Li/Ccos
ratio, with respect to the expected Li,COj; stoichiometry, is
compatible with the trapping of Li ions on the surface or
inside the film, as suggested by the charge measurements
during the first cycles.

Copyright © 2002 John Wiley & Sons, Ltd.
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After extended electrochemical cycling a consistent 61
thickening of the Li carbonate deposit is detected by 62
an increase of the corresponding photoelectronic signals 63
and by the higher roughness from AFM. The EIS high- 64
frequency measurements (100 and 500 cycles) show an 65
increase of the impedance attributed to the Li-permeable 66
surface layer, whereas some charge capacity fading is 67
evidenced by CV. The XPS difference spectra (spectrum 68
of the sample cycled 100 times minus the spectrum of 69
the pristine sample) in the valence band region, besides 70
confirming the exact correspondence of the signal from 71
the surface layer of the cycled sample with that of the 72
LipCO; standard, does not show any other passivating 73
layer resulting from reaction of the organic solvent with 74
the oxide film. The constancy of the core level and Auger 75
peaks of Ni and V in the spectra of the treated electrodes 76
excludes important changes in the electronic structure of the 77
host oxide, which might have occurred via the multiple Li 78
insertion/deinsertion reactions. 79

The CV, EIS and AFM experiments performed after 1000 80
cycles indicate, however, that the carbonate deposition on 81
the electrode progresses further and that a true surface 82
passivation and stabilization cannot yet be attained. 83

The surface characterization by AFM and XPS shown 84
above, in conjunction with the electrochemical methods, 85
provide a detailed description of several aspects of the Li 86
insertion reaction during activation and extended cycle life 87
tests of thin-film Ni-V oxide electrodes. These experiments 88
suggest that the same expetimental methods are suitable 89
for analysis of @ whole class of insertion reactions in thin- 90
film electrodes with different compositions from various 91
organic solvents. 92

A further improvement of this integrated approach will 93
consist of surface chemical -topographic analysis with lateral 94
submicron resolution of electrodes, presenting a peculiar 95
morphology and/or structured reaction products at their 96
interface. Such analysis is now under way by means of 97
photoelectron spectromicroscopy, a tool now available with 98

synchrotron radiation sources. 99
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