








or the so-called Warburg diffusion. This relation is governed by Eq.
2. It is observed that the Warburg impedance coefficient, �w, is
652.82 � s−0.5 for the Li2SnCuSiO6 cell, and it has a lower value
than in Li2SnCuO4 �1415.839 � s−0.5�. The parameters of the
equivalent circuit are presented in Table II. Also, the diffusion co-
efficient values of the lithium ions for diffusion into the bulk elec-
trode materials have been calculated using Eq. 3 and are recorded in
Table II.

Zre = Re + Rct + �w · �−0.5 �2�

D = 0.5�RT/AF2�wC�2 �3�

Zre = Re + Rct + 2�w
2 · Cdl �4�

The double layer capacitance is given by

� = 1/Rct · Cdl �5�

where Rct is the charge-transfer resistance, Re is the electrolyte re-
sistance, � is the angular frequency in the low frequency region, D
is the diffusion coefficient, R is the gas constant, T is the absolute
temperature, F is Faraday’s constant, A is the area of the electrode
surface, and C is the molar concentration of Li+ ions.14 The obtained
diffusion coefficient �8.31 � 10−14 cm2 s−1� for the Li2SnCuSiO6
cell “3” prepared from the Si3N4 precursor explains the higher mo-
bility for Li+ ion diffusion than in the other cell, which lacked Si.
Furthermore, the exchange current density is given by the following
formula

i� = RT/nFRct �6�

where n is the number of electron involved in the electrochemical
reaction. Li2SnCuSiO6 cell �b� is higher than for the other cell.
Therefore, the charge-transfer reaction of the Li2SnCuSiO6 electrode
prepared from Si3N4 is stronger than in the other electrode prepared
for the Li2SnCuO4 cell “1”. It is observed that Cdl of cell “3” also
has a higher value: 1.95 � 10−5 F.

Cyclic voltammetry measurements were carried out between 0
and 3 V as shown in Fig. 6. The cyclic voltammograms of the
investigated samples show a cathodic reduction peak in the range of
0.51–0.63 V. This peak is attributed to the intercalation of lithium
into tin to form LixSn compound �1 � x � 4.4� as observed in the
reported papers.3,10 As we have Li2SnCuO4 and Li2SnCuSiO6 as the
starting materials, therefore the reduced forms are Li2SnCu and
Li2SnCuSi compounds and their intercalation with Li+ are as
follows15,16

Li2SnCu + �2.4 − x�Li+ + 4e → Li4.4−xSn + Cu �7�

Li2SnCuSi + �2.4 − x�Li+ + 4e → Li4.4−xSn + Cu + Si �8�

Si + xLi+ + xe → LixSi �9�

Li2SnCuO4 shows three anodic oxidation peaks at 0.42, 0.85, and
1.7 V, respectively, for the following reactions5,7,15,16

Li4.4−xSn + Cu → Li2SnCu + �2.4 − x�Li+ + 2e E = 0.42 V

Li2SnCu + 1.5 O2 → Li2SnCuO3 + 2e E = 0.85 V
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Figure 3. �Color online� FTIR spectra of the prepared Li2SnCuO4 and
Li2SiCuSnO6 prepared from Si3N4.
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Figure 4. �Color online� EIS spectroscopy of �1� Li2CuSnO4 and
Li2CuSnSiO6 from �2� SiC, �3� Si3N4, and �4� SiO2 cells.
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Figure 5. �Color online� Relationship between real impedance with the low
frequencies for �1� Li2CuSnO4 and Li2CuSnSiO6 from �2� SiC, �3� Si3N4,
and �4� SiO2.

Table II. Electrochemical impedance parameters of Li2CuSnO4 and Li2CuSnSiO6 cell samples.

No. Samples
Re

���
Rct
���

�
�� s−0.5�

D
�cm2 s−1� Cdl

i�

�mA/cm2�

1 Li2CuSnO4 730 2936 1415.83 1.77 � 10−14 7.77 � 10−7 7.00 � 10−6

2 Li2CuSnO6/SiC 90 725 801.06 5.52 � 10−14 8.54 � 10−6 3.54 � 10−5

3 Li2CuSnO6/Si3N4 22 38 652.82 8.31 � 10−14 1.95 � 10−5 6.75 � 10−4

4 Li2CuSnO6/SiO2 146 100 808.252 5.42 � 10−14 1.09 � 10−6 2.57 � 10−4
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Li2SnCuO3 + 0.5 O2 → Li2SnCuO4 + 2e E = 1.7 V

Li2SnCuSiO6 prepared from Si3N4 shows three anodic oxidation
peaks at 0.68, 1.05, and 1.85 V for the deintercalation of Li+ from
Li4.4−xSn, and the oxidation of Li2SnCuSi to Li2SnCuSiO4 and
Li2SnCuSiO6, respectively. It is observed that there is a shift in the
anodic peaks to more positive potentials. This can be attributed to
the change of Si to Si�2−x�+ and Si4+.16

The first discharge capacity plateaus vs the working voltage be-
tween 3 and 0.0 V are shown in Fig. 7. The profiles for the first
reduction look fairly similar for all the samples. There is a plateau
that falls in the range between 1.5 and 1.7 V vs Li+ for the reduction
of Sn2+ to metallic Sn�0�. The first discharge curve of cell “3” de-
livers the highest specific discharge capacity of about
1300 mAh g−1. Similar results have been observed in the literature
in spite of using different methods of preparation.7,13,17 Also, the
charge–discharge profile for the followed cycles for cell “3” is re-
corded in Fig. 8. The second discharge voltage started from 2 V;
furthermore, the 100th discharge one began at 1.8 V. The drop in
voltage from �3 to �1.5 V was observed in a different literature.18

The cycling performance of these cells, as shown in Fig. 9, remained
good for 100 cycles with a gradual decrease. The specific discharge
capacity of the Li2SnCuSiO6 cell prepared from Si3N4 is about
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Figure 7. �Color online� First discharge voltage–capacity profile of �1�
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Figure 8. �Color online� Charge–discharge voltage–capacity profile of
Li2CuSnSiO6 cell prepared from Si3N4.
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Figure 9. �Color online� Cycling performance of �1� Li2CuSnO4 and
Li2CuSnSiO6 from �2� SiC, �3� Si3N4, and �4� SiO2 cells.
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900 mAh g−1 and it is higher than that of the other cells. The
higher capacity of the quaternary oxide can be explained on the
concept of using mixed types of metal oxide. They can react revers-
ibly with a larger amount of lithium and exhibit improved electrode
performance compared to single oxides, and therefore provide ben-
efits from maintaining the structural stability, leading to a good cy-
cling performance.

Conclusions

The addition of Si to Li2SnCuO4 compound improves the electric
conductivity as the charge-transfer resistance of Si compounds de-
creased. The specific discharge capacity of the cell prepared from
Li2SnCuSi6 was improved by �10% in comparison with one pre-
pared from the Li2SnCuO4 compound.

Central Metallurgical Research and Development Institute assisted in
meeting the publication costs of this article.
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