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A B S T R A C T

The solid salts of the ferrate anion might offer significant advantages over conventional materials used as
cathodes because of the three electron transfer associated with the reduction of Fe(VI) to Fe(III). In the
present study, we try to improve the performance of the electrochemically synthesized barium ferrate
cathode using non-stoichiometric binary titanium oxides: titanium monoxide (TiOx) and Magnèli phases
(TinO2n-1) addition performed throughout fabrication of plastic bonded cathode. It is shown that the
addition of conductive Magnèli phase materials into active material improves the performance of a
cathode in terms of specific capacity, reversibility, and more positive equilibrium potential compared to
BaFeO4 � based cathodes. It is believed that Magnèli phase material enhances connectivity of the active
BaFeO4 material and acts as reinforcement to the active mass thereby aiding retention of feature and
porosity during cycling improving the reaction kinetics of the electrode. Also, our preliminary results
demonstrate that the porous plastic bonded thin foil electrodes based on electrochemically synthesized
barium ferrate can be considered in spiral wound battery geometry for higher rate capability.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Licht et al. [1] revealed that solid salts of the ferrate anion

FeO2�
4 might offer significant advantages over conventional mate-

rials used as cathodes because of the three electron transfer
associated with the reduction of Fe(VI) to Fe(III). The new class of
batteries with a solid ferrate as a cathode, termed super-iron
batteries, is divided into three types: super-iron primary alkaline
battery utilizing a Zn anode, the super-iron metal hydride
rechargeable alkaline battery, and super-iron rechargeable lithium
non-aqueous battery. Since this initial report, several studies have
investigated the three-electron reduction of Fe(VI) to Fe(III) to
evaluate the suitability of ferrate materials for both alkaline and
non-aqueous batteries [2–6].

A wide variety of solid ferrates have been extensively
investigated as a positive electrode material for super-iron alkaline
batteries. Among these ferrates, BaFeO4 and K2FeO4 are particu-
larly appealing since both combine attributes of very low alkaline
solubility and high stability. BaFeO4, although of lower intrinsic
three-electron specific capacity (312.6 mAh g�1) than K2FeO4

(406 mAh g�1), is observed to support higher current densities
than K2FeO4 [1]. Further studies have shown that at high load
(current densities above 1 mA cm�2) the faradaic efficiency of Fe
(VI) reduction is significantly higher for a BaFeO4 cathode
compared to a K2FeO4 cathode [7]. However, despite the potential
superior performance of BaFeO4 cathode, development of super-
iron alkaline batteries is slow due to some intrinsic limitations
facing their performance, such as: chemical instability of ferrate-
based cathodes, limited active material utilization due to the
insulating nature of discharge products, and high self-discharge
due to the dissolution of soluble intermediates in liquid electrolyte.

Licht et al. [8] have also shown that BaFeO4 decomposition is
dependent on the method used to synthesize the Fe(VI) salt.
Barium ferrate produced using wet aqueous techniques exhibited
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an activity loss of 55%, whereas electrochemically synthesized
barium ferrate lost only 16% when stored under identical
conditions. Hydration, particle size, initial Fe(III) content, and
the presence of trace metals were all implicated as factors affecting
barium ferrate stability. In order to address the above issues, a wide
variety of strategies including cathode material development and
cathode modifications have been explored extensively.

The stabilization and performance of BaFeO4 materials using
nanoporous silica coatings and also further experimentation using
silica (SiO2) and titania (TiO2) coatings for barium ferrate materials
in the BaFeO4/Zn alkaline battery were documented [9,10]. Carbon
and non-carbon based conductors include (CFx)n, ZrN, TiN, SnO2

and In2O3 were investigated in order to improve the high rate
performance of BaFeO4 cathode [7]. It was presented that
composite cathodes simultaneously containing both BaFeO4 and
MnO2 can also improve the high power discharge performance of
cathode [11]. The effect of Co2O3 and MnO2 addition on BaFeO4

cathode was studied. The average discharge potential of the super-
iron battery may be increased by �150 mV through solid Co(III)
addition of a few percent to the cathode. This potential may be
decreased by �200 mV, through manganate coating of the Fe(VI)
particles. The Fe(VI) charge capacity and open circuit potential are
not substantially altered by these low-level modifier additions
[12].

In the present study, we have attempted to improve the
performance of the electrochemically synthesized barium ferrate
cathode using non-stoichiometric binary titanium oxides: titani-
um monoxide (TiOx) and Magnèli phases (TinO2n-1) addition
performed throughout fabrication of plastic bonded cathode. TiOx

is a very interesting ceramic material with conductivity compara-
ble to pure titanium and great corrosion resistance [13]. Also,
conductive Magnèli phase materials such as TinO2n-1 (4 < n < 10)
have been explored as electrode materials or conductive supports
in electrochemical systems because of their high conductivities
and relatively high corrosion-resistivity in aggressively acidic and
alkaline electrolytes [14,15]. Among this series of distinct mixed-
valence oxides, Ti4O7 exhibits the highest electrical conductivity,
exceeding 1000 S cm�1 at room temperature, which is even higher
than the 727 S cm�1 of graphitized carbon [16–18].

2. Experimental details

2.1. Synthesis and characterization of materials

2.1.1. The synthesis of BaFeO4

Solid barium ferrate was synthesized via the electrochemically
synthesis of K2FeO4 in a two compartment electrolysis cell
separated with a ceramic anion impermeable membrane [19].
The 10 M potassium hydroxide solution was placed in both, the
anolyte and catholyte compartments. High surface area iron
anodes were prepared from transformer steel sheet (M120, EN
10106-1996, composition: 0.0075% C, 3.02%Si, 0.10% Mn, 0.027% S,
0.006% P, 0.035% Al, the rest being Fe). The cathode consisted of
high surface area platinum gauze. All electrolytes using in
synthesis were prepared from analytical grade reagents and triply
distilled water. Experiments were conducted under N2 bubble
generated convection. N2-bubbling also eliminated the possibility
of CO2 exposure, because the presence of CO2 in solution leads to
the precipitation of a BaCO3, very harmful impurity phase for the
active cathode mass utilization in super iron batteries [20]. The
transpassive anodic dissolution was carried out for a period of
2 hours using a constant current of 3 A (j < 20 mA cm�2) controlled
by PSH-2018A programmable switching DC power supply. The
temperature was kept near 50 �C. The net Fe(VI) solution phase

alkaline synthesis reaction is:

Fe þ 2KOH þ 2H2O ! K2FeO4 þ 3H2 ð1Þ
The concentration of synthesized K2FeO4, a purple red anolyte

solution was determined by the chromite method [21]. The
resultant anolyte, K2FeO4 solution, was removed from the
electrolysis chamber and added through a filter to a 10 wt% Ba
(OH)2, utilizing a volume of the Ba(OH)2 solution calculated
according to a predetermined Ba:Fe ratio. After 10 min vigorously
stirring an ex situ solid BaFeO4 can be precipitated due to the low
solubility compared to K2FeO4:

K2FeO4 þ BaðOHÞ2 ! BaFeO4 # þ2KOH ð2Þ
The resultant suspension was vacuum filtered through sintered

glass filter B2, and washed with chilly triply distilled water to pH7.
The washed BaFeO4 was dried at room temperature for 20 h under
50 mbar to a constant mass, and then kept in a desiccator over silica
gel under 300 mbar. BaFeO4 yield and purity were determined by
titrimetric chromite analysis [21]. The yield was 90% of theoretical
value with purity of 95%.

The morphologies of BaFeO4 particles were examined using
scanning electron microscope (TESCAN, Tescan, Brno, Czech
Republic). FTIR spectrum of BaFeO4 mixed in a conventional KBr
pellet was obtained by using a Bomem MB-100, Hartman and
Braun spectrophotometer. X-ray diffraction analysis of synthesized
BaFeO4 samples was taken with a PHILIPS PW 1710 x-ray
diffractometer, using monochromatized Cu-Ka radiation
(l = 1.5418 Å).

2.1.2. The synthesis of TiOx and TinO2n-1

Starting materials for mechanochemical synthesis TiOx and
TinO2n-1 were metal powders of Ti, TiO, and TiO2 (rutile) (Aldrich,
nominal purity >99%) [22–24]. Nano-crystalline cubic titanium
monoxide, TiOx (0.92 < x < 1.19), with the mean crystallite size of
about 6 nm, was synthesized by mechanochemical treatment of Ti
and TiO2 powder mixtures with molar ratios of 1:1, while Magnèli
phases TinO2n-1 contain a mixture of sub-stoichiometry Ti4O7:
Ti5O9 (�40: 60 wt%) were synthesized by mechanochemical
treatment of TiO and TiO2 powder mixtures with molar ratios of
1:3.

The mechanochemical synthesis was performed in a Fritsch
Pulverisette 5 planetary ball mill. Powders were weighed to obtain
the desired proportion of starting powder mixture of a total mass
of 10 g. A stainless steel vial of an internal volume of approximately
250 cm3, charged with 32 hardened steel balls of diameter 13.4 mm
was used as a milling medium. The ball-to-powder mass ratio was
about 30.The vial was sealed with an o-ring, and the cover
tightened with four screws. All handling was done in ambient air.
Milling was done for 2 h with the angular velocity of the supporting
disk and vials 317 min�1 and 396 min�1, respectively. Subsequent-
ly, the powders were enclosed in the quartz tubes under vacuum
and annealed at temperatures of 900 �C (TiOx) and 1100 �C
(Ti4O7 + Ti5O9) for 24 h. The phase composition was determined
by X-ray powder diffraction (XRPD) analysis on a Philips PW1710
diffractometer, using monochromatized Cu-Ka radiation
(l= 1.5418 Å).The programs LSUCRIPC [25] and PowderCell [26]
were used for the calculation of unit cell parameters and
preliminary phase analysis, respectively.

2.2. Fabrication of electrodes

2.2.1. Preparation of porous plastic bonded barium ferrate cathode
(cathode is referred as BAFE hereinafter)

The first step in plastic bonded ferrate cathode preparation was
mixing 70 wt% BaFeO4 material with 25 wt% T-44 graphite. The
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