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The relative energy of Li/SOCl2 battery whose electrolyte contains the transition metal phthalocyanines is
used to evaluate the catalytic activity of the compounds. The energy of Li/SOCl2 battery whose electrolyte
contains transition metal phthalocyanines-tetracarboxylic acid (MPcTc) and metal phthalocyanines-
tetrasulfonic acid (MPcTs) (M = Mn2+, Ni2+) increases by approximately 62–106%, the energy of Li/SOCl2

battery whose electrolyte contains MPcTc and MPcTs (M = Fe2+, Co2+) increases by approximately 32–52%,
and the energy of Li/SOCl2 battery whose electrolyte contains CuPcTc and CuPcTs is similar to that of the
lectronic configuration
etal phthalocyanine

ithium battery
atalytic activity

ahn–Teller effect

cell in the absence of these complexes. It shows that the electronic configuration of the central metal
ion strongly influences the catalytic activity of metal phthalocyanine to Li/SOCl2 battery. To the same lig-
and, the compound whose central metal ion with electronic configuration d9 is inactive; the compound
whose central metal ion with electronic configuration d4 or d8 exhibits relatively high catalytic activity;
and the compound whose central metal ion with electronic configuration d5 or d7 exhibits relatively low
catalytic activity. Three possible routes of catalytic reduction of SOCl by transition metal phthalocyanine

to int
compound are proposed

. Introduction

The lithium-thionyl chloride (Li/SOCl2) battery is one practi-
al battery with high discharge voltage and energy density. The
xcellent electrochemical performance of Li/SOCl2 primary batter-
es and reserve batteries has aroused great interest over the past two
ecades [1–6]. However, the energy of Li/SOCl2 battery in practice

s much lower than that in theory, which renders a great chal-
enge in the application of Li/SOCl2 battery. Metal phthalocyanine is
ne interesting compound which has a conjugated macromolecule,
xhibiting an outstanding performance in photovoltaic cell, sensor
nd catalysis industry [7–9]. Many works on metal phthalocya-
ines as the cathode catalyst to Li/SOCl2 battery have been reported
10,11].

The mechanism of the catalytic reduction of SOCl2 by metal
hthalocyanine compounds has been demonstrated in many previ-
us works [12–15]. It is required that the compound as the catalyst
f the battery must be readily oxidizable/reducible [1]. However,

ew works discussed or analyzed the factors that affect the cat-
lytic activity of the metal phthalocyanine compounds in depth.
n fact, the electronic configuration of central metal ion of the

etal phthalocyanines has a great influence on electronic accep-
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2

erpret the results.
© 2009 Elsevier B.V. All rights reserved.

tor/donor property of the metal phthalocyanine compound and
probably affects the catalytic activity of the compound further. In
this paper we focus on the analysis of the potential effect of the
electronic configuration of the central metal ion on the catalytic
activity of the metal phthalocyanine compound.

2. Experimental

The relative energy of Li/SOCl2 battery was used to evaluate the
catalytic activity of the complexes. Metal phthalocyanines-
tetracarboxylic acid (MPcTc) and metal phthalocyanines-
tetrasulfonic acid (MPcTs) (M = Mn2+, Fe2+, Co2+, Ni2+, Cu2+) were
synthesized to add into the solution of LiAlCl4/SOCl2 electrolyte.

2.1. Preparation of the MPcTc and MPcTs

MPcTc and MPcTs (M = Mn2+, Fe2+, Co2+, Ni2+, Cu2+) were synthe-
sized by microwave reaction, and were characterized by element
analysis and IR (shown in supplementary material).

2.2. Electrochemistry
The electrochemical measurements of Li/SOCl2 battery whose
electrolyte contains 5 × 10−3 mol L−1 MPcTc (MPcTs) complexes
(M = Mn2+, Fe2+, Co2+, Ni2+ and Cu2+, respectively) were carried out
by the specially designed test cells. The discharge of the Li/SOCl2

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:lihejun@nwpu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.06.047
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ig. 1. The discharge curves of lithium-thionyl chloride battery (LiAlCl4–SOCl2 elec-
rolyte, 1.47 M; constant discharge resistance, 40 �; apparent electrode area, 1 cm2).
a) Electrolyte solution containing MPcTc (M = Mn2+, Fe2+, Co2+, Ni2+ and Cu2+, respec-
ively), 5 × 10−3 M. (b) Electrolyte solution containing MPcTs, 5 × 10−3 M.

attery was operated at a constant resistance 40 �, and was stopped
hen the voltage reached 2 V. 1.47 mol L−1 LiAlCl4–SOCl2 elec-

rolyte solution was used. All experiments were implemented in
glove box under an argon atmosphere (MBRAUN, MB-BL-01).

. Results and discussion

The discharge curves of Li/SOCl2 battery are shown in Fig. 1. The
elative energy (X) of Li/SOCl2 battery is used to evaluate the elec-
rochemical effects of Li/SOCl2 battery catalyzed by the compounds.

The energy of Li/SOCl2 battery is

=
∫

P dt = 1/Re
∑

U2 �t (1)

here P is the discharge power of the battery, Re is the constant
esistance, U is the voltage discharged in the test.

The relative energy of the battery is

(%) = C

C0
× 100 (2)

here C stands for the energy of the battery, C0 stands for the energy
f the battery in the absence of complexes.

The energy of Li/SOCl2 battery whose electrolyte contains MPcTc
nd MPcTs (M = Mn2+, Ni2+) is approximately 62–106% higher than
hat of the cell in the absence of complexes, whereas the energy
f Li/SOCl2 battery whose electrolyte contains MPcTc and MPcTs
M = Fe2+, Co2+) both of which have relatively low catalytic activity,
s approximately 32–52% higher than that of the cell in the absence
f complexes. By contrast with the two kinds of compounds above,
uPcTc and CuPcTs are inactive, and the energy of Li/SOCl2 battery
hose electrolyte contains them are similar to that of the cell in

he absence of complexes (shown in Fig. 2a and b). The results indi-

ate that the electronic configuration of central metal ions (M2+)
s the key factor affecting the catalytic activity of the compounds
o Li/SOCl2 battery. To the same ligand, the compound whose cen-
ral metal ion with electronic configuration d4 or d8, such as Mn2+

nd Ni2+, exhibits relatively high catalytic activity; the compound
Fig. 2. The compounds and the relative capacity of Li/SOCl2 battery catalyzed.

whose central metal ion with electronic configuration d5 or d7, such
as Fe2+ and Co2+ has relatively low catalytic activity; and the com-
pound whose central metal ion with electronic configuration d9,
such as Cu2+, is inactive.

The mechanism of the reduction of SOCl2 by MPc has been
demonstrated by Doddapaneni and Bernstein [12,13]. Doddapaneni
has shown there exist three sites Co+, Co2+, and Co3+ in the process
of the reduction of SOCl2 by CoPc. Bernstein has shown the for-
mation of the adduct CoPc·SOCl2 is the key step in this catalytic
reduction reaction.

On the basis of the results and the mechanism of the catalytic
reduction by metal phthalocyanine demonstrated by Doddapaneni
and Bernstein, three possible routes are proposed to show the pro-
cess of the reduction of SOCl2 catalyzed by M2+L (L = PcTc, PcTs)
(shown in Fig. 3).

(1) SOCl2 is adsorbed by M2+L, the O atom of SOCl2 coordinates to
M2+ of M2+L, an adduct M2+L·SOCl2 is formed.

M2+L + SOCl2 → M2+L·SOCl2 (3)

(2) After that, there are three possible routes that M2+L·SOCl2 suc-
ceeds catalyzing the reduction of SOCl2.

Route 1 is that one electron is accepted by M2+L·SOCl2,
M2+L·SOCl2 is reduced, and turns into [M3+L]+, S, SO2 and Cl−.
[M3+L]+ accepts one electron, and turns into M2+L.

M2+L·SOCl2 + e → [M3+L]+ + 1/2S + 1/2SO2 + 2Cl− (4)

[M3+L]+ + e → M2+L (5)

Route 2 is that two electrons are accepted by the ligand L,
M2+L·SOCl2 is reduced, and turns into M2+L, S, SO2 and Cl−.

M2+L·SOCl2 + 2e → M2+L + 1/2S + 1/2SO2 + 2Cl− (6)
(3) Route 3 is that three electrons are accepted by M2+L·SOCl2,
M2+L·SOCl2 is reduced, and turns into [M+L]−, S, SO2 and Cl−. A
dismutation reaction occurs between [M+L]− and [M3+L]+.

M2+L·SOCl2 + 3e → [M+L]− + 1/2S + 1/2SO2 + 2Cl− (7)
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Fig. 3. The three possible routes of the pro

[M3+L]+ + [M+L]− → 2 M2+L (8)

The overall catalytic activity of the compounds to lithium bat-
ery depends on both the competitive and cooperative process of
he three routes. To the same ligand, the three routes are primarily
ontrolled by the electronic configuration of the central metal ions
f the compounds. We can rely on the Jahn–Teller effect existing in
ransition metal complexes such as the Mn3+ and Cu2+ complexes to
xplain the mechanism [16,17]. To form octahedral complexes is by
ar the most common trend which occurs in the second-raw transi-
ion metal ions. However, due to the Jahn–Tellar effect, the central

etal ions with the electronic configuration d4, d9, are liable to form
quare planar complexes. To Mn2+L, whose d electronic configura-
ion is 3d5 and is liable to form octahedral complex, the adduct

2+L·SOCl2 forms and catalyzes the reduction of SOCl2 through the
hree routes. Among the three routes, the route 1 plays a predom-
nant role because the electronic configuration of Mn3+ is 3d4, and
ave the great trend to form square planar complex and to enhance
he process of the formation of [Mn3+L]+, S, SO2 and Cl− during the

eduction of Mn2+L·SOCl2, therefore enhancing the catalytic reac-
ion. As to Ni2+L, whose configuration of d electron is 3d8 and is
iable to octahedron coordinate. Among the three routes that the
dduct Ni2+L·SOCl2 forms, route 3 plays a predominant role due
o that the electron configuration of Ni+ is 3d9, and have the great
f the reduction of SOCl2 catalyzed by ML.

trend to form square planar complex, so it will enhance the process
of the formation of [Ni+L]−, S, SO2 and Cl− during the reduction of
Ni2+L·SOCl2, therefore enhancing the catalytic reaction. Therefore
Mn2+L and Ni2+L exhibit excellent catalytic activity to Li/SOCl2 bat-
tery. But to Cu2+L, whose d electronic configuration is 3d9 and have
the great trend to form square planar complex rather than octa-
hedral complex, the O atom of SOCl2 cannot coordinate to Cu2+,
Cu2+L is inactive as a result. By contrast with all the complexes
above, the d electronic configurations of Fe2+ and Co2+ are 3d6 and
3d7, respectively and are liable to form octahedral complexes. The
O atom of SOCl2 coordinates to Fe2+ and Co2+ easily, after that,
the adduct Fe2+L·SOCl2 (Co2+L·SOCl2) forms and the electron was
accepted/donated through the three routes. Comparing to M2+ and
Ni2+, there is no fast catalytic route in the process of the reduction
of SOCl2 catalyzed by Fe2+L and Co2+L, so Fe2+L and Co2+L exhibit
relatively low catalytic activity to lithium battery.

4. Conclusions
The influence of the electronic configuration of the central metal
ion on catalytic activity of metal phthalocyanines to Li/SOCl2 bat-
tery has been shown in this paper. The metal phthalocyanines
whose central metal ion of electronic configuration d9 are inactive,
make the formation of the adduct M2+L·SOCl2 with relative diffi-
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ulty; the compounds (M2+L) whose central metal ions of electronic
onfiguration d5 and d8, exhibit relatively high catalytic activity as
result of the strong trend to form square planar complexes during

he decomposition of [M3+L·SOCl2]+ and [M+L·SOCl2]−, respec-
ively. According to the result, we predict that the MPc derivatives
hose central metal ions, such as Cr2+, of electronic configuration

4, are inactive to Li/SOCl2 battery, whereas the MPc derivatives
hose central metal ions, such as Zn2+, of electronic configura-

ion d10, exhibit excellent catalytic activity to Li/SOCl2 battery. This
rediction will be confirmed in our further work.
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