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Use of amorphous tin-oxide films obtained by spray pyrolysis as
electrodes in lithium batteries
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Abstract

Amorphous tin-oxide films were prepared by spray pyrolysis of SnCl, - 2H,0 mixed with CH;—COOH and deposited onto a stainless
steel substrate at mild temperatures (350°C). The films grown were characterized by X-ray photoelectron spectroscopy (XPS) and
scanning electron microscopy with energy-dispersive X-ray analysis (SEM-EDX). Also, they were tested as electrodes in lithium
rechargeable batteries. The XPS results suggest that the substrate is thoroughly coated and that the films are composed mainly of SnO and
SnO,. These films exhibit good charge—discharge properties over more than 100 cycles. Heating at 600°C causes significant changes in
their surface composition, in the virtual disappearance of the tin component and in the presence of oxygen-bound Fe. Under these
conditions, the reversible capacity dramatically fades and the cell behaves similarly to that made from uncoated substrate. © 2000

Elsevier Science S.A. All rights reserved.
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1. Introduction

Ever since the announcement by Fuji Film researchers a
few years ago that Sn-based composite oxides [1] can yield
a reversible Li-ion storage capacity above 600 mA h/g,
much research has been conducted with the aim of eluci-
dating relevant structural aspects of the underlying mecha
nism for the electrochemical reaction [2-8], as well as
other factors related to the influence of heat treatment in
the preparation of the SnO, electrode [9] and the role
played by different doping elements [10,11]. Thin film
methods for the preparation of tin oxide-based electrodes,
either amorphous or crystaline, have been aso used
[12,13]. Although the electrochemical performance of the
cells tested so far is described as excellent [12] and indeed
promising, the methods used for this purpose, viz. chemi-
ca vapor deposition (CVD) [12] and €lectron-beam evapo-
ration [13], are expensive inasmuch as they require rather
sophisticated equipment. In this context, the spray pyroly-
sis method is a simple, inexpensive aternative with the
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added advantage that it allows large films to be prepared
[14].

The purpose of this research was to explore the useful-
ness of the spray pyrolysis method for obtaining tin-oxide
films with a view to examining their potential as negative
electrodes for lithium-ion batteries. In this paper, we report
the preliminary results obtained regarding the performance
of the cells, and the characterization of the films by using
different techniques, namely: X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS) and scanning
electron microscopy (SEM) with energy-dispersive X-ray
analysis (EDX).

2. Experimental

In our technique, compressed air is used to atomize a
solution containing the precursor compounds through a
spray nozzle over the heated substrate (Fig. 1). Air is
directly compressed from the atmosphere, using filters to
remove water and oil waste in order to obtain films of
large surface areas at reduced costs. The precursor was
pyrolyzed on the heated substrate. The substrate holder
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Fig. 1. Spray pyrolysis system used to prepare the films. (1) Compressed
air supply. (2) Syringe pump and controller. (3) Spray nozzle. (4)
Substrate holder. (5) Temperature controller. (6) Step motor and con-
troller.

was equipped with thermocouples and heating elements.
The heating elements were managed by a temperature
controller. The substrate was moved forward and backward
at a fixed frequency by an electronically controlled step
motor. We used aqueous solutions of SnCl, as precursors
and 0.035 M acetic acid to stabilize them. The solutions
were pumped into the air stream in the spray nozzle at a
variable rate for a preset time by means of a syringe pump.
A stream of 140 | /min of air, measured under atmospheric
conditions, was used to atomize the solution. Meanwhile,
the substrate was kept at 350°C. The substrate size uni-
formly coated in this way was 2 cm long by 1 cm wide.
The deposition time and the rate of the precursor solution
were elected in such a way as to obtain the same amount
of tin oxide on the substrate. The deposition conditions for
the two films are shown in Table 1.

X-ray photoelectron spectra were obtained on a Physi-
cal Electronics PHI 5700 spectrometer using unmonochro-
matized Mg K o radiation (1253.6 eV) as excitation source.
The spectrometer was calibrated by assuming the binding
energy (BE) of the Au 4f, , line at 84.0 eV with respect
to the Fermi level. The PHI ACCESS.ESCA-V6.0F soft-
ware package was used for data acquisition and analysis.
After Shirley-type background subtraction, spectra were
fitted using a Gaussian—Lorentzian peak shape for all
peaks.

SEM images were obtained on Jeol JMS 6400 micro-
scope equipped with an EDX microanaysis system.

Table 1

Spray pyrolysis deposition conditions

Sample  Spray sol. Carrier flow  Deposition  Total vol. sol.
conc. (mM) rate(ml/h)  time(min)  sprayed (cm®)

A 5 50 30 25

B 5 100 15 25

Electrochemical experiments were carried out in two-
electrode cells, using lithium as anode. The electrolyte
used was 1 M anhydrous LiPF; in a 1:1 mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC).
The thin film of the active material was cut in squares of
4 x4 mm and lithium foil was cut as circles of 7-mm
diameter. Unless otherwise noted, cells were cycled at a
0.25 mA /cm? current density, controlled via a MacPile I
potentiostat—gal vanostat.

3. Results and discussion

Under the above-mentioned conditions, and the sub-
strate at 350°C, the films obtained were amorphous in all
cases — the XRD patterns only exhibited peaks belonging
to the substrate. More valuable information was obtained
from the XPS results. It is difficult to precisely measure
the BE for these films owing to charging effects. Also, the
method based on C 1simpurity peak, belonging to adventi-
tious hydrocarbon (C 1s 284.8 eV) for calibration could
not be directly applied as the C 1s spectrum for the two
samples was asymmetric and broadened. In fact, C 1s
spectrawere resolved into three components at 284.9 + 0.1,
286.6 + 0.2 and 289.1 + 0.1 eV. We assumed the lower
BE peak to correspond to adventitious hydrocarbon in
addition to the methyl group of undecomposed impurities
of acetic acid, as shown below, and used it as interna
standard for the peak positions shown in Table 2. The
weaker and higher BE peaks at 286.6 and 289.1 eV are
similar to those reported for C—O in organic alcohols and
C=0 in ketones, respectively [15].

All O 1s spectra exhibited complex profiles that were
fitted into two peaks at about 531 and 532 eV, the lower
BE peak being stronger than the higher one. The profile
complexity is indicative of the presence of different oxy-
gen types at the film surface, which hinder the accurate
determination of the amount of oxygen directly bound to
Sn atoms.

The Sn 3d photoemission signals were symmetric for
the two samples. The fact that BE was constant (see Table
2) means that no change in its oxidation state could be
identified in each case. A comparison of its BE with that

Table 2
Binding energies for the main core level spectra (eV). The values in
bracket are percent area

Sample A Sample B
Cis 284.8(81.5) 284.8 (85.6)
286.5 (9.7) 286.4 (10.3)
289.0(8.8) 289.0 (4.0)
O1s 531.0 (60.0) 531.0(68.8)
532.3(39.9) 532.4(31.1)
Sn3ds,, 487.1 487.0

Sn3ds,, 4955 495.4
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Table 3

Surface atomic concentrations of films deposited at 350°C (in %)
Sample A Sample B

C 311 4.7

(0] 44.9 36.3

Sn 22.9 18.1

Cl 11 0.9

reported for tin oxides by Willeemen et al. [16] reveaed
the best agreement to correspond to SnO (BE Sn 3d;,,
486.9 eV). The reported BE for SnO, is somewhat lower
(486.7 V). However, values as low as 486.0 eV have also
been reported for SnO [17].

The atomic concentration of the elements, determined
by considering the corresponding area sensitivity factors
[14] for the different measured spectral regions, are shown
in Table 3. In addition to C, O, and Sn, traces of Cl were
detected; its concentration, however, barely reached 1%,
so, it can only have a modest role in Li uptaking. An
interesting result of this analysis is the absence of peaks
belonging to the substrate components (mainly Fe and Cr).
This means that the substrates are thoroughly coated with
the deposited material.

The composition data of Table 3 warrant some com-
ments. First, a significant carbon content is observed that
is higher for sample B. This suggests that spray pyrolytic
deposition at 350°C produces films that are incompletely
pyrolyzed. Second, the Sn concentration in sample A is
somewhat higher than that calculated for sample B, even
though the amount of precursor used was the same. The
O/Sn aomic ratio was close to 2 for both samples.
However, one should take this value cautiously owing to
the presence of unpyrolyzed materia in the films and to
the asymmetry of the O 1s spectra. On the assumption that

stronger component of the oxygen reflects the amount of
oxygen directly bound to Sn more accurately, the calcu-
lated O/Sn ratio ranged from 1.21 for sample A to 1.38
for sample B. Accordingly, tin atoms on the film surface
should be in a mixed valence state [Sn(I1) and Sn (IV)].
Unfortunately, these mixed-valence species are not re-
veded as a fine structure in the Sn 3d photoelectronic
peak. In any case, the identification of mixed-valence
species by XPS is a subject under debate owing to the
many factors that affect the chemical shifts [18].

The SEM images, Fig. 2a, show that the precursor
deposits on the substrate as separate droplets with of
highly homogenous size (approximately 20 um). That
results in apparently incomplete coating of the steel sur-
face. In order to reconcile the SEM images with XPS
results, where no peaks for the substrate constituents were
observed, the droplets must be interconnected by a layer of
deposited material of thickness at least greater than the
attenuation depth of photoelectrons (within 20-50 A). The
images obtained at a higher magnification, Fig. 2b, revea
that the grains formed within the droplets are loosely
compacted, and nonuniform in shape and size. In fact, the
dry droplets usually behave asillustrated in Fig. 2b, which
resembles a crater-like picture; the films thus obtained
have a very rough appearance and an extended surface
area. On further heating in air at 600°C for 1 h, the films
preserved their droplet morphology (Fig. 2c) and amor-
phous nature. However, the grains tended to increase in
size. The images recorded at higher magnifications, (Fig.
2d), exhibit significant changes in surface morphology: the
grains are formed by agglomerates of particles in rod-like
shaped and lengths smaller than 1 pm.

Attempts to measure the film thickness by SEM with
accuracy failed because they were too thin and irregular to
obtain a precise value. Moreover, the XPS deep profile
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Fig. 2. SEM images of tin oxide films: (a) and (b) films deposited onto the substrate at 350°C; (c) and (d) films heated at 600°C for 1 h.
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measurement has the problem of a poor lateral resolution.
Owing to the lack of surface homogeneity, the XPS deep
profile detects tin and iron without a clear interface. Never-
theles, the film thickness estimated was of the order of
0.5-1.0 pm.

Fig. 3a shows the first discharge curve for the Li /sam-
ple B cell, recorded at a current density of 0.25 mA /cm?.
Owing to non-uniformity in the coating and to the diffi-
culty of identifying the phases present, the method com-
monly used to calculate the active material weight based
on an assumed density was unsuitable. For this reason, the
cell capacity is expressed on a time scale and the cell
performance on cycling is referred to the charge curve at
maximum capacity (see below). The profile recorded over
the voltage range 2.8—0.0 V contains two pseudopl ateaux
typical of the tin oxide—lithium system, the first one being
associated to the initial formation of Sn and the second,
below 0.5 V, to the formation of an Li,Sn aloy [3]. The
figure also shows other recharge—discharge curves ob-
tained between the limits 1.0 and 0.0 V, the voltage where
the capacity loss was the lowest. Over this voltage range,
the profiles of both curves are similar, so the reaction
between Li and Sn must be a reversible process. This is
more clearly seen by analyzing the differentia specific
capacity plots in Fig. 3b, where the reversibility of the
oxidation—reduction process is apparent from the anodic
and cathodic waves. Moreover, the broad peaks resulting
from the reduction and oxidation reactions contrast with
the two sharp peaks overlapped with to the broad peak
reported for electron beam-deposited tin-oxide thin films
[13], which have ascribed to a phase transition reaction.
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Fig. 3. (&) First discharge curve and subsequent charge—discharge curves
for the Li /sample B cell. (b) Differential capacity plots for the first five
cycles.
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Fig. 4. (2 First discharge curve and subsequent charge—discharge curves

for the cell made from uncoated substrate. (b) Differential capacity plots
for the first five cycles.

The profiles of Fig. 3b are in better agreement with that for
a mixture of SnO, and SnO when cycled between 0.0 and
0.8 V [2], which is quite consistent with the O/Sn ratio
obtained from the XPS data. In order to confirm that
virtually the whole cell capacity is generated by the active
material, these measurements were extended to a cell the
cathode of which was made from the pure substrate. The
discharge curve, Fig. 4a, shows that the stainless steel
reacts with lithium; however, its shape differs from that of
the film in two main respects (Fig. 3a), namely: (i) the
discharge depth is smaller and (ii) the two pseudoplateaux
associated to tin reduction are virtually absent. In fact, the
potential decreases almost linearly with increasing time
below 1 V. Moreover, the reaction with lithium is irre-
versible, as the specific capacity of this cell markedly
drops in the first charge process. The differentia capacity
plots, Fig. 4b, confirm the irreversible behavior of the
electrode. The reduction peak, which appears below 0.2 V,
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Fig. 5. Cycling performance of tin oxide films. (@) sample A; (O)
sample B.
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Table 4
Surface atomic concentrations of the films heated at 600°C (in %)
Sample A Sample B

C 53 58

(0] 56.9 58.8

Sn 3.0 0.5

Fe 34.2 345

Cl 0.4 0.3

is virtually absent in the oxidation curve, thus indicating
that the Li, (Fe—Cr) aloy formed on discharge is irre-
versible. Thus, the role of the substrate in the reversible
capacity of the cell made from the film is insubstantial.
However, the initial lithium insertion into the stainless
steel substrate plays arolein the large first discharge curve
observed for the Li/sample B cell (Fig. 3a) and accounts
for the shortening in the first charge curve, ascribed to the
reversible extraction of lithium from the Li, Sn system.
This assumption is not in contradiction with the above
comments, because only one face of the substrate was
coated by the active tin-oxide material. Thus, the Li inser-
tion into the stainless steel should occur at the uncoated
face, which is in direct contact with both the electrolyte
and the current collector.

Fig. 5 illustrates the cycling performance of the two
cells. The best results were obtained for sample B, the
capacity of which remained fairly constant upon extended
cycling. The Li retention in the active material observed in
the first few cycles and its release on further cycling has
been also found in other systems (e.g., submicrocrystalline
Sn and SnSb powders [19]). It has been associated to an
increase in the electrode—electrolyte interface area which
facilitates Li diffusion. The cycling behavior of sample A
is worse, particularly beyond the 50th cycle, where the
capacity beginsto drop. In any case, this cell retains nearly
90% of its maximum delivered capacity.

The capacity of the films annealed at 600°C dramati-
cally faded; aso their electrochemica behavior resembled
that of the substrate, irrespective of the synthesis condi-
tions used. This is a somewhat surprising result relative to
the films prepared by Nam et al. [13] using electron beam
evaporation, where the heat treatment had a beneficia
effect. These data cannot be explained in morphological or
grain size terms. The film surface basically maintains its
droplet appearance and particle size decreases on heating,
which boosts cell performance. The origin of this behavior
contradictory apparently is revealed by the XPS results.
The atomic concentrations obtained are shown in Table 4.
A comparison with the values in Table 3 reveds three
main differences, namely: (i) a decrease in carbon content
promoted by the thorough pyrolysis of the organic compo-
nent; (ii) an increase in oxygen content; and, specialy, (iii)
a strong appearance of Fe and a negligible concentration of
Sn at surface level. This means that the latter element
migrates to the bulk substrate, thereby escaping from the

X-ray beam. Simultaneously, Fe is extruded to the surface.
Under these conditions, the cell behavior is similar to that
exhibited by the pure substrate. This was also confirmed
by the EDX microanalysis, so Sn atoms can diffuse into
the substrate over long distances from the surface (more
than 1 wm in depth, which is the attenuation depth for this
analytical technique).

4, Conclusions

Amorphous tin-oxide films were prepared by spray
pyrolysis from agueous solutions of SnCl, - 2H,0 acidi-
fied with acetic acid and deposited on stainless steel
substrates at 350°C. SEM images revealed that the precur-
sor is deposited as separate droplets of regular size; on
contact with the heated substrate, however, the surface
become rather rough and the film highly porous. Although
the films appear to vary in thickness, no peaks for Fe or Cr
are detected by XPS, which indicates that the substrate
surface is completely covered by the precursor. XPS data
are also consistent with high carbon contents that probably
result from the presence of some unpyrolyzed precursor.
The oxygen /tin ratio is approximately 1.3, so the films
consist of a SnO/SnO, mixed phase. These films were
tested as electrodes in lithium cells, where they exhibited
good cycling properies upon extended cycles. Heating the
films at 600°C suppressed their reversible capacity through
migration of tin to the bulk substrate.
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