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Abstract

In this work we investigate by impedance spectroscopy the characteristics of a film formed on the surface of Sn electrodes when cycled in a
lithium cell. We show that this film is formed by electrolyte decomposition catalyzed by the tin surface and that its characteristics depend upon
cycling rate as reported in the literature. By the infrared analysis we study the chemical characteristic of mentioned film. By reporting the cycling
response of a complete lithium-ion battery using a Sn anode coupled with a LiNiysMn, 504 cathode, we show that the interfacial film may indeed
influence the response of the batteries using conventional, tin-based anodes.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Tin electrodes; Interface; Impedance spectroscopy; Lithium-ion battery

1. Introduction

In a series of papers, Dahn and co-workers [1-3] demon-
strated the occurrence of one anomalous irreversible plateau on
the initial discharge curve of a Sn electrode when cycled in a
lithium cell. The extent of this plateau, which evolves around
1.5 V versus Li, depends on the cycling rate, being longer as the
rate decreases. This film was attributed to the decomposition of
the electrolyte, catalyzed by the tin surface, which in turn gives
rise to the formation of a passivation film on the surface of the
electrode.

Considering the relevance of Sn electrodes in the advanced
lithium battery science and technology [4], it has appeared to us
of interest to extend the investigation of this anomalous surface
film and of the processes which cause its formation. It is in
fact expected that the phenomena may influence the response of
batteries using tin as anode material, as indeed demonstrated in
this work.
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2. Experimental

Tin samples were obtained by electrodeposition on a cop-
per foil in a two-electrode glass cell, using a current density of
6 mA cm~2 for 5 min at room temperature. An aqueous solution,
formed by KC10.15M, SnCl; 0.175M, K4P,07 0.5 M, glycine
0.125M and NH4OH 5 mll~!, was used as the electrolyte and
a Pt foil as the counter electrode [5]. The electroplating current
and time conditions were monitored using a Maccor Series 4000
Battery Test System.

The structure of the samples was investigated by XRD, using
a Rigaku Miniflex X-ray diffractometer and their morphology
by scanning electron microscopy, SEM, using SEM Leo EVO
40.

The electrochemical response of the tin electrode samples
was studied in a cell based on the following configuration: (i) a
Sn working electrode with a diameter of 1.0 cm, (ii) a 1 M LiPFg
in ethylene carbonate-dimethyl carbonate, EC:DMC 1:1 (Merck
Battery Grade) electrolyte solution soaked on a Whatman™
separator and (iii) a lithium metal foil counter electrode. An
additional lithium foil reference electrode was used for the
impedance spectroscopy measurements. The cells were cycled
at 1Cand 0.1 C (around 1.2Acm™2g ' and 0.12Acm2 g !,


mailto:jusef.hassoun@uniroma1.it
dx.doi.org/10.1016/j.jpowsour.2007.09.046

322 J. Hassoun et al. / Journal of Power Sources 174 (2007) 321-327

respectively versus Sn active mass) and withina 0.01-1.5 V volt-
age limit, using a Maccor Series 4000 Battery Test System as
the controlling instrument.

The infrared spectrum of the film, formed on the Sn electrode
after the 1st galvanostatic cycle at C/10rate, was performed, after
the electrode drying at room temperature under vacuum for 1 h,
using a UNICAM Mattson 5000 FTIR spectrometer in the atten-
uated total reflection (ATR) mode equipped with a Specac golden
gate using a single reflection diamond crystal. The spectra are
the result of 50 scans with a resolution of 4cm™!.

The impedance spectroscopy analysis was carried out by
applying a 10 mV amplitude signal in the 100 kHz to 0.005 Hz
frequency range using a frequency response analyzer (FRA)
Schlumberger Solartron model 1260 coupled with EG&G
Princeton Applied Research model 362 potentiostat.

The lithium-ion cells were formed by coupling the selected
Sn sample anodes with a LiNig sMnj 504 cathode [6] ina | M
LiPF¢ EC:DMC 1:1 electrolyte solution. The cathode was pre-
pared as a thin film on an aluminium substrate by doctor-blade
deposition of a slurry composed of 80% LiNigsMn; 504 (active
material), 10% PVdF 6020, Solvay Solef (binder) and 10%
SP carbon (electronic support). The cell was cycled within a
2.5-5 V voltage range and at various rates (1 C corresponding to
0.2 Ag~!' cm~?) using a Maccor Series 4000 Battery Test System
as the controlling instrument.

3. Results and discussion

This work is addressed to the investigation of an unexpected
irreversible plateau which occurs on the initial discharge curve
of conventional, pure tin electrodes when cycled at low rates
in a lithium cell. This plateau is associated with the decom-
position of the electrolyte with the formation of a film on the
electrode surface [1-3]. In this work, we analyse this anoma-
lous phenomenon with the main objective of determining its
influence on the response of lithium batteries using tin-based
anodes. For this study we have selected a Sn electrode prepared
by electrodeposition on a copper substrate [5].

The SEM image illustrated by Fig. 1 reveals that the elec-
trode has a porous, pillar-like morphology with a large surface
development.

Fig. 2 shows the XRD patterns of a typical Sn electrode sam-
ple. Only the peaks of the support and those of metallic tin are
revealed, which confirms the purity of the sample.

The Sn electrodes prepared in this work were tested in
half lithium-ion cells using a lithium metal counter elec-
trode and a EC:DMC 1:1, 1 M LiPFg electrolyte. The overall
electrochemical process of these cells is expected to be the
alloying—dealloying of lithium in tin:

4.4Li + Sn = LisaSn (1

In detail, the process is represented by the following progres-
sion of reactions:

58n + 2Li" +2e” < LisSns )

Li>Sns 4+ 3LiT +3e™ < 5LiSn 3)

EHT = 20.00 kv
WD = 9.5mm

Dats :14 Fab 2006
Tima 12:28:18

Fig. 1. SEM image of a typical sample of the Sn electrodes prepared in this
work.

3LiSn + 4Lit +4e” < LizSn; 4)
2Li7Sn3 +LiT +e~ < 3LisSny 6))
5LisSny +LiT +e~ = 2Li3Sns (6)
2Li;3Sns +9LiT +9e™ < 5LizSny (7)
5Li7Sn; +9Lit +9e™ < 2LixSns 8)

The lithium cells were cycled at different rates, i.e., one at
C/10 and the other at 1 C. Fig. 3A shows the voltage profile of
the first cycle of the cell cycled at the low C/10 rate. A wide
voltage plateau, placed near 1.5V versus Li, is clearly visible.
This plateau cannot be associated to the main electrochemical
process (1), but rather to electrolyte decomposition. In fact, the
plateau is not reproducible and its extension decreases passing
from 1st to following cycles, see Fig. 3B.

Fig. 4 illustrates the response of the second cell cycled at a
ten times higher rate, i.e. at 1 C. The figure compares the volt-
age profile of the first cycle (Fig. 4A) with that of the following
cycles (Fig. 4B). The extension of the anomalous plateau is here
consistently reduced and the voltage rapidly assumes the signa-
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Fig. 2. XRD patterns of a Sn electrode prepared in this work.
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Fig. 3. Voltage vs. specific capacity profiles during the first discharge (Li
alloying in Sn)—charge (Li dealloying from Sn) cycle (A) and during the sub-
sequent cycles (B) of a S0/EC:DMC 1:1 LiPFg/Li cell. Charge current density:
0.126 Acm™2 g~!, C/10 rate. Voltage limits: 0.01-1.5 V. Room temperature.

ture expected by process (1), confirming that the occurrence of
the plateau is controlled by the rate.

The critical role of the cycling rate is also confirmed by Fig. 5
which compares the specific capacity versus cycle number for
two Li—Sn cells cycled under the two different regimes, i.e. at
C/10 and at 1 C, respectively. As expected, the cycled reversible
capacity is higher for the cell cycled at the higher rate. Indeed,
considering that the low rate favours the formation of the film,
the decay in capacity observed for the cell cycled at C/10 is not
surprising. Quite likely, the irreversible process at 1.5V, which
leads to the formation of the surface film, compromises part of
the active material on the electrode surface, this inducing consis-
tent volume variations with consequent cracking upon cycling
[5,7].

Considering that the 1.5V plateau is associated with a pas-
sivation film deposited on the surface of the tin electrode [2],
a FT-IR analysis was performed using a Sn electrode after the
1st galvanostatic cycle at C/10 rate. The IR spectrum, reported
in Fig. 6, confirms the presence of a composite film on the tin
surface consisting of an organic part (ROCO;Li) and an inor-
ganic salt (LipCO3) as the electrolyte decomposition products,
as well as residual crystallized solvent (EC). Similar results have
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Fig. 4. Voltage vs. specific capacity profiles during the first discharge charge
cycle (A) and during the subsequent cycles (B) of a Sn/EC:DMC 1:1 LiPFe/Li
cell. Charge—discharge current density 1.26 Acm™2 g~!, 1 C rate. Voltage limits:
0.01-1.5 V. Room temperature.
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Fig. 5. Specific capacity vs. cycle number for SW/EC:DMC 1:1 LiPF¢/Li cells
cycled under two different current regimes, i.e., at C/10 rate and at 1 C rate.
Charge—-discharge current density at: 0.126 Acm~2g~! and 1.26 Acm™2g~!,
respectively. Voltage limits: 0.01-1.5 V. Room temperature.
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Fig. 6. IR spectrum of a Sn electrode after the 1st galvanostatic cycle at C/10
rate.

been also reported by Genies et al. [8] studying the passivation
phenomena on a graphitized mesocarbon fibers. Moreover, alkyl
carbonates products have been also revealed on lithium surface,
which tend to dominate the build-up of the Li-solution interfaces
[9].

The formation of this film may have important practical
reflections, e.g., in affecting the performance of lithium batter-
ies using a tin electrode. Thus, it has appeared to us of interest
to further investigate its characteristics. In this respect, we have
undertaken an impedance spectroscopy analysis of the two cells
considered in this work. The choice is motivated by the potential-
ity of the technique in defining interfacial phenomena, as those
associated to the formation of electrode surface films. Thus,
impedance spectroscopy appears particular useful for shedding
more light on the phenomena occurring at the tin interface under
the conditions examined in this work.

Fig. 7A compares the impedance response after the first
discharge cycles of the two cells considered in this work and
differing by the cycling rate, i.e. one cycled at C/10 and the other
at 1 C. Similarly, Fig. 7B compares the impedance response of
the same cells cycled at different rates; however, in this case the
impedance test was run after the 10th cycle. We see that in both
cases the response may qualitatively be described in terms of two
semicircles, related to surface films and charge transfer kinetics,
respectively, followed by a low frequency inclined line, related
to cell geometric capacitance [10]. However, while the trend in
the low frequency region is similar for both cells, a significant
difference is observed in the high frequency region.

The impedance responses were analysed using a common
approach followed studying similar phenomena, i.e. by defining
an equivalent circuit taking into account all possible contributes
to the impedance of the tested cells [10]. Accordingly, using as
circuital elements resistances R and a constant-phase elements
(CPE) Q in the place of pure capacitance, the general equiva-
lent circuit which may adequately represent the response of the
cell cycled at 1 C rate, has to take into account the electrolyte
contribution to the total resistance (R.), the contribution of the
surface film (Ry, Qr in parallel), the charge transference con-
tribution (R, Q in parallel) and, finally, the cell contribution
which takes into account the cell geometric capacitance (Qy),
see Fig. 8A.

To represent the response of the cell cycled at C/10, an equiv-
alent circuit similar to the previous one, except for the presence
of an additional contribution (R, Q) in the medium-high fre-
quency associated to a more complex nature of the surface
film, was used, see Fig. 8B. The validity of the chosen cir-
cuits was confirmed by fitting the impedance response using
a Non-Linear Least-Square (NLLSQ) fit software developed by
Boukamp [11,12]. The matching with the experimental data is
quite good, with a Chi-square factor of the order of 10~* which
is considered an acceptable pre-requisite to the validity of the
proposed model.

Fig. 9 reports the overlapping of the impedance responses
with the approximate representation of the correspondent cir-
cuital elements for the cell cycled at 1 C (A) and at C/10 (B)
after the first cycle.

Table 1 lists the impedance parameters obtained by fit-
ting the impedance spectra related to the cell cycled at 1C
rate and Table 2 those related to the cell cycled at C/10. The
impedance tests have been repeated on several cells, cycled
either at 1 C and at C/10, obtaining data which, within the exper-
imental error limits, are consistent to those above reported in the
tables.

These data show that to the very high frequency semicir-
cle is associated a film resistance, of the order of tens ohms
(R=13.4Q at 1C and R¢; =17.4Q at C/10). This probably
identifies the resistance of a thin film on the Sn surface which
is native or at least chemically produced as soon as the cells are
assembled. The second, medium-high frequency semicircle, that
can be resolved only for electrodes cycled at low current rates, is
attributed to a porous thick film which, very likely, is that formed
as consequence of the quoted decomposition process associated
with the 1.5V not reproducible anomalous plateau. The resis-
tance of this film, Ry, is high, i.e. of the order of 300 €2, this
suggesting that the film is quite thick in its initial stage.

The constant-phase elements (CPE) for the two electrodes,
Or and Qy, are characterized by similar values of the factor
Yy and of the fractional exponent 7, i.e. both of the order of
10~* mho and 0.7, respectively (see Tables 1 and 2, cycle 1).
Here the complex impedance Z* as function of the frequency
o is represented by the equation Z*(w) =Yy~ (jw)™" [11,12],
when n =1 the CPE becomes a pure capacitor with Yo =C. The
high values of Y, and the relatively low values of n are justified
considering the roughness of the electrodes associated with their
pronounced pillar morphology, see Fig. 1, this suggesting that
the value of the active area is effectively much higher than that
of the geometrical one (0.785 cm ™).

Finally, the medium-low frequency semicircle, which is
attributed to the kinetics of the electrochemical process (1), gives
a value of charge transfer resistance, R, which is rather high in
the fully charged state, i.e., 972 Q at 1 C and 720 2 at C/10.

To be noticed that a remarkable decrease, i.e. of about one
order of magnitude, is observed for the resistance of the anoma-
lous film Ry, after 10 discharge cycles at C/10 (compare Cycle
1 with Cycle 10 in Table 2). This suggests that the electrode may
be “cleaned” by current flow, this in turn promoting disintegra-
tion or even, dissolution of the film. Little changes are observed
in the other parameters.
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Fig. 7. Impedance response of Sn/EC:DMC 1:1 LiPFg/Li cells cycled at C/10 rate and at 1 C rate after the first cycle (A) and after the tenth discharge charge cycles
(B). Frequency range: 100 kHz to 0.005 Hz. Room temperature. The insets enlarge the response of the high frequency region.

These results clearly show that the response of a tin elec-
trode may be greatly influenced by its interfacial status and
indirectly, by the modus of its operational conditions. To inves-
tigate the practical reflections of this important aspect, we have

assembled two complete lithium-ion cells by using electrode-
posited Sn as the anode and a LiNigsMn; 504 as the cathode
[6]. One of the two cells was cycled at 1 C rate versus the cath-
ode, this corresponding to a C/3 rate versus the anode. The other

Table 1
Impedance parameters associated to a Sn/EC:DMC 1:1 LiPFe/Li cell cycled at 1C rate
Re Ry Qf Rt ch Qg
Yo n Yo n Yo n
Cycle 1 5.4 13.4 L.1x 1074 0.74 972 2.7x1073 0.68 29 %1073 0.79
Cycle 10 5.5 7.6 4.1x107* 0.83 450 3.9% 1073 0.90 22 %1073 0.81

R, electrolyte ionic resistance, Qr film CPE, Ry film resistance, Q. double layer CPE, R charge transference resistance, Yy factor, n fractional exponent, Qg cell

geometric CPE.
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LiPF¢/Li electrochemical cells cycled at C/10 rate (A) and at 1 C rate (B). Re
electrolyte ionic resistance, Qr film CPE, Rt film resistance, Q¢ double layer
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cell was first rapidly cycled at 3 C rate versus the cathode (1 C
rate versus the anode) for two cycles and subsequently under
the same conditions of the first cell, i.e. at 1 C rate versus the
cathode.

Fig. 10A shows the response of the first cell in terms of capac-
ity (referred to the cathode) versus cycle number. A net capacity
decay is observed and this is a clear evidence of the dramatic
effect of the Sn surface film whose formation is favoured by
the low cycling rate. Quite different is the response of the sec-
ond cell, still evaluated in terms of capacity (referred to the
cathode) versus cycle number, see Fig. 10B. In this case, due
to the control of the film formation in the course of the ini-
tial, high rate step, the cell cycles with an optimized capacity
retention. This is consistent with the impedance spectroscopy
analysis which, in agreement with the literature data [1,2], con-
firms that cycling at low current regimes gives rise to a complex,
thick film formation on the Sn electrode surface. However, the
impedance analysis also shows that the film may be consumed
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Fig. 9. The overlapping of the impedance responses after the first cycle and an approximate representation of the correspondent circuital elements for the cells cycled
at 1 C (A) and at C/10 (B). R electrolyte ionic resistance, Ry film resistance, R charge transference resistance.

Table 2
Impedance parameters associated to a Sn/EC:DMC 1:1 LiPF¢/Li cell cycled at C/10 rate
Re Ry On Rp On Ret Oct O¢
Yo n Yo n Yo n Yo n
Cycle 1 6.1 17.4 6.9 x 1073 0.70 300 1.5x 1074 0.88 720 6x 1074 0.82 8.6x 107 0.78
Cycle 10 6 15.7 49x 1074 0.58 49 8 x 1074 0.62 915 8.8 x 107 0.76 1.8x 1073 0.83

R. electrolyte ionic resistance, Qr first film CPE, Ry first film resistance, Qr second film CPE, Ry, second film resistance, Qc; double layer CPE, R charge

transference resistance, Yy factor, n fractional exponent, Q, cell geometric CPE.
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Fig. 10. Specific capacity vs. cycle number of a Sn/EC:DMC 1:1

LiPF¢/LiNig5sMn; 504 lithium-ion cell cycled under different conditions, i.e.,

at 1C rate vs. the cathode (C/3 rate vs. the anode) (A) and first at 3 C rate

vs. the cathode (1 C rate vs. the anode) for two cycles and subsequently at 1 C

rate vs. the cathode (B). Charge—discharge current density: 0.2 Acm=2 g~ ! vs.
LiNigsMnj 504, about 1 C rate.
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Fig. 11. Voltage vs. specific capacity profiles after the first two cycles of a
Sn/EC:DMC 1:1 LiPFg/LiNip sMn; 504 lithium-ion cell cycled at 3 C rate vs.
the cathode (1 C rate vs. the anode) for two cycles and subsequently at 1 C rate
vs. the cathode (0.2 A cm™2 g_1 ).

by particles detachment or by dissolution induced by current
flow.

Fig. 11 reports the voltage versus capacity profile of the
cell cycled under optimized conditions (see Fig. 10B). The
curve results as the combination of the expected profile asso-
ciated with the Li—Sn alloy formation [5] and that related to the
LiNig sMnj 504 cathode [6].

We may then conclude that the formation of the surface film
does compromise the performance of electrodes which expose
the Sn surface to the electrolyte, and thus, that the control of the
experimental cycling conditions may play a key role in deter-
mining the response of lithium-ion batteries using conventional
tin-based anodes.
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