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Solid Phase FePC Catalysts for Increased Stability of Oxygen
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Solid-phase catalysts prepared by pyrolysis of Iron(II) phthalocyanine (FePC) embedded in high-surface carbons were evaluated for
the catalysis of oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) in Li+-conducting non-aqueous electrolytes.
The ORR mechanism in high donor number (DN) dimethyl sulfoxide (DMSO)-based electrolytes is markedly different from that
occurs in low DN acetonitrile(MeCN)-based electrolytes. The ORR is catalyzed by the reduced Fe(I) state of Fe(II)PC. Consequently,
the Fe(II)PC/Fe(I)PC redox potential relative to O2 reduction potential in each electrolyte is important for ORR catalysis. In MeCN-
based electrolytes, the Fe(I)PC catalyst is formed at a higher potential than the ORR potential. Hence the catalyzed ORR occurs
at the inner-Helmholtz plane of the electrode, stabilizing the superoxide ion (O2

−) formed by one-electron reduction of O2, as
Fe(I)PC–O2

−. Indeed, LiO2 was identified in the Raman spectra of cathodes from discharged Li-O2 battery cells. In DMSO-based
electrolytes, the Fe(I)PC formation potential occurs below the ORR potential and accordingly LiO2 is more stable in its solvated
state in the electrolyte solution as the Li(DMSO)n–O2

− ion pair. This drives the ORR at the outer-Helmholtz plane of both catalyzed
and uncatalyzed electrodes in DMSO-based electrolytes. The FePC embedded carbon electrode doubled the cycle life of Li-O2 cells
utilizing low DN electrolytes.
© 2017 The Electrochemical Society. [DOI: 10.1149/2.1221704jes] All rights reserved.
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The limited rechargeability of the Li anode, kinetic limitations of
the oxygen electrode reactions and the constraints associated with
the development of suitable battery architecture are deterrents to the
development of a practical rechargeable Li-O2 battery.1 The major
discharge product identified in a non-aqueous Li-O2 battery is Li2O2
involving an overall two-electron O2 reduction which yields a theoret-
ical specific energy of 3505 Wh/kg. This is thirty three percent lower
than the theoretical specific energy of 5200 Wh/kg calculated on the
basis of the four-electron reduction of O2 to form Li2O as the dis-
charge product. Therefore, a cathode catalyst that could catalyze the
reduction of O2 to form Li2O as the discharge product is appealing.2–4

Simultaneously, if the same catalyst can promote oxygen evolution
reactions at lower over-potentials, then the high capacity of the Li-O2
battery could be accessed more efficiently in many charge/discharge
cycles to realize the goal of an ultra-high energy density rechargeable
Li-O2 battery.

Oxygen electrocatalysts based on transition metal-N4 centers such
as metal porphyrins and phthalocyanines have demonstrated varying
degrees of activity to catalyze ORR in batteries and fuel cells.2,3,5,6

The phthalocyanine macrocycle in particular is a strong electron ac-
ceptor which facilitates the axial coordination of the metal center in
metal phthalocyanines (MPC) with ligands having a range of electron
donor characteristics.7 Only a few studies have reported ORR/OER
catalysis of the O2 electrode by these metal-N4 centers in non-aqueous
electrolyte-based Li-O2 batteries.6,8–10 In this paper we provide evi-
dence for the tunability of the redox potential of the iron(II) phthalo-
cyanine by changing the electron donor property of the ligating solvent
molecule. Our results demonstrate the tunability of the ORR catalysis
on the metal-N4 center with respect to the electron donor property
of the organic electrolyte (via the solvates, Li+(solvent)n, formed
between the organic solvent and Li+). We also show that iron(II)
phthalocyanine can be transformed into insoluble solid catalysts by
appropriate high temperature processing making them potentially use-
ful for practical Li-air batteries. Recent study by Trahan et al. have
shown that CoPC-based catalysts influence O2 electrochemistry in
Li-O2 batteries.2 According to these authors O2 reduction reaction
mechanism at the catalyst is determined by the solvent’s ability to
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modulate the Lewis acidity of Li+ in the Li+-conducting electrolyte
solution. In high DN solvents the ORR on the electrode proceeds at
the outer-Helmholtz plane since the Li(solvent)n

+–O2
− intermediate

is stabilized in the electrolyte solution. On the other hand, in low
DN solvents such as acetonitrile and TEGDME the ORR proceeds at
the electrode’s inner-Helmholtz plane on the catalyst center since the
electron acceptor property of the catalyst is higher than that of the
solvated Li+, Li(solvent)n

+.
An ideal catalyst would be one that selectively catalyzes the ORR

and OER reactions without interfering with the performance of the
electrolyte or the lithium anode. We demonstrate that the solid phase
FePC catalyst that we have developed approach this performance.
Our results contrast the data reported by Sun et al.11 who employed
FePC, dissolved in TEGDME and DMSO-based electrolytes, as a re-
dox shuttle for electrons and superoxide ions (O2

−, the one- electron
reduction product of O2), between carbon cathode and the insulating
Li2O2 formed on it during discharge. They concluded that the O2
adsorbed to the FePC present in the electrolyte solution as FePC–O2
would undergo reduction to form FePC–LiOOLi which would then
diffuse to a nucleated Li2O2 site and precipitate there. Similarly, they
claim that the Fe(III)PC in solution can oxidize the Li2O2 to form
FePC–O2

− which would then diffuse to the carbon surface where
the superoxide would be oxidized to O2. However, there was little
unambiguous electrochemical or spectroscopic evidence presented to
support their solution catalyzed ORR and OER mechanisms. It is im-
portant to note that FePC dissolved in the electrolyte solution is an
impractical catalyst since it reacts with the Li metal anode and delete-
riously affects the rechargeability of the Li-air battery. Consequently,
an FePC catalyst that does not dissolve in non-aqueous electrolytes
while retaining its ORR and OER catalytic activity would be of great
interest for use in Li-air batteries. We have developed such insol-
uble solid phase catalysts by heat-treating intimate mixtures of high
surface area carbon and FePC at selected high temperatures. The prop-
erties of these catalysts we have prepared are reported together with
their ORR and OER activities in non-aqueous electrolytes and Li-air
battery cells. We present a comprehensive discussion of the structure-
catalytic property relationships of these novel solid phase FePC em-
bedded in carbon cathodes and the manner in which the non-aqueous
electrolytes influence their electrochemical activity. The FePC em-
bedded carbon cathodes have doubled the cycle life of Li-air battery
cells.
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