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Abstract

Recent advances in super-iron batteries, based on an unusual Fe(VI) cathodic charge storage, are presented. Fe(VI) cathodes that have been
demonstrated in super-iron batteries include the synthesized Fe(VI) compound with three-electron cathodic charge capacity Na2FeO4, K2FeO4,
Rb2FeO4, Cs2FeO4 (alkali Fe(VI) salts), alkali earth Fe(VI) salts BaFeO4, SrFeO4, and also a transition Fe(VI) salt Ag2FeO4 which exhibits a
five-electron cathodic charge storage. This paper focus on the primary alkaline Fe(VI) charge storage in aqueous electrolyte systems. Primary
alkaline super-iron batteries exhibit a higher capacity than conventional alkaline batteries. Configuration optimization, enhancement and mediation
of Fe(VI) cathode charge transfer of primary Fe(VI) alkaline batteries are summarized. Composite Fe(VI)/Mn(IV or VII), Fe(VI)/Ag(II) and
zirconia coating stabilized Fe(VI)/Ag(II) cathode alkaline batteries are also illustrated.
© 2007 Elsevier B.V. All rights reserved.
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Ag2FeO4 is of interest, as this Fe(VI) salt commands an
intrinsic cathodic capacity that includes not only the three-
electron Fe(VI) reduction, but also the single electron reduction
of each of two Ag(I) (as shown in Eq. (3)), for at total 5 Faraday

Table 1
Theoretical three-electron charge capacities of various Fe(VI) salts

Fe(VI) salts Theoretical capacity (mAh g−1)

Li2FeO4 601
Na2FeO4 485
K2FeO4 406
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. Introduction

Fe(VI) species have been known for over a century, although
ts chemistry remains relatively unexplored [1–3]. Fe(III) com-
ounds had been explored both as cathode [4] and anode
5] materials in electrochemical storage cells, however, higher
alent, greater charge capacity, iron salts had not been previ-
usly considered, and the fundamental solubility and stability
onstraints on higher valent iron chemistry were not well
stablished. Indeed, the perception that Fe(VI) species were
ntrinsically unstable was incorrect [6]. Recently, cathodes
ncorporating hexavalent, Fe(VI), sustaining facile, energetic,
athodic charge transfer have been introduced [6–32]. Resources
o prepare Fe(VI) salts are plentiful and clean. Iron is the second

ost abundant metal in the earth’s core, and the Fe(VI) reduction
roduct is non-toxic ferric oxide. Fe(VI) salts can exhibit sub-
tantially higher than conventional cathodic storage capacities
6–32]. Due to their highly oxidized iron basis, multiple elec-
ron transfer, and high intrinsic energy, it has been defined high
xidation state iron compounds as ‘super-iron’s and the new
lectrochemical storage cells containing them as ‘super-iron’
atteries [6].

Capacity, power, cost, and safety factors have led to the annual
lobal use of approximately 6 × 1010 primary batteries, but fur-
her advances are limited by the low energy capacity of their
athodes. New higher capacity, environmentally benign and cost
ffect cathode materials are needed. International interest in
e(VI) electrochemistry is growing, including research efforts

n China, Canada, Europe, and Japan [33–36]. Favorable bat-
ery cathodes characteristics are low solubility, stability, facile
harge transfer, and high charge capacity, and oxidative elec-
rochemical potential. K2FeO4, prepared as described in Ref.
11], is particularly robust. So far, the controlled syntheses of a
ide range of Fe(VI) salts have been probed [9,11–13,18,23,25],

ncluding a direct route for their electrochemical synthesis from
ron metal [23].

This paper focuses on the recent advances in Fe(VI) charge
torage in aqueous electrolyte systems and the primary alkaline
uper-iron batteries.

. Fundamentals and charge storage advantages of
rimary alkaline super-iron batteries

In 1999, Licht’s group introduced a class of batteries, referred
o as super-iron batteries, containing a cathode utilizing a com-
on material (iron) in an unusual (+6) valence state [6]. The
athode is based on abundant starting materials and is compat-
ble with an alkaline electrolyte and zinc anode. Among the
ifferent types of aqueous primary batteries available on the

R
C
S
B

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 979

arket, the Zn–MnO2 system possesses the dominant share for
ver a century because of its appropriate performance and low
ost. The storage capacity of the aqueous MnO2/Zn battery is
imited by the charge capacity of MnO2 (308 mAh g−1), com-
ared to that of Zn (820 mAh g−1). Replacement of the MnO2
athodes in these cells with a more energetic cathode such as
e(VI) compounds can substantially increase the energy stor-
ge capacity of these cells. For example, using the same zinc
node and electrolyte, Fe(VI) cathode batteries were shown to
rovide 50% more energy capacity than in conventional alkaline
atteries [6].

.1. Fundamentals of alkaline super-iron batteries

Using Fe(VI) compounds as charge storage materials is based
n the three-electron reduction of Fe(VI) via Eq. (1) or Eq. (2)
as the anhydrous product), which represent energetic and high-
apacity source of cathodic charge [6]:

eO4
2− + 3H2O + 3e− → FeOOH + 5OH− (1)

FeO4
2− + (5/2)H2O + 3e− → (1/2)Fe2O3 + 5OH−,

E = 0.5–0.65 V versus SHE (2)

So far, a class of Fe(VI) salts are successfully synthesized,
nclude the alkali Fe(VI) salts (high purity K2FeO4, Cs2FeO4,
b2FeO4 and KxNa(2−x)FeO4, low purity Li2FeO4), high purity
lkali earth Fe(VI) salts (BaFeO4 and SrFeO4) and a transi-
ion metal Fe(VI) salt (Ag2FeO4). Theoretical three-electron
harge capacity of the Fe(VI) salts are determined as: 3 F MW−1,
rom the salt molecular weight, MW(g mol−1) and the Fara-
ay constant (F = 96,485 coulomb mol−1 = 26,801 mAh mol−1).
heoretical capacities of various alkali and alkali earth Fe(VI)
alts are listed in Table 1.
b2FeO4 276
s2FeO4 209
rFeO4 388
aFeO4 313
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er mole or 399.3 mAh g−1 intrinsic capacity [26]:

Ag2FeO4 + (5/2)H2O + 5e−

→ 2Ag + (1/2)Fe2O3 + 5OH− (3)

Primary alkaline super-iron battery was prepared with the
ame Zinc anode and alkaline electrolyte as the conventional
lkaline batteries. In a zinc alkaline battery, the zinc anode
enerates a distribution of zinc oxide and zincate products,
hile similarly the final Fe(VI) product will depend on the
epth of discharge. The general discharge of alkaline electrolyte
ells utilizing a Zn anode and Fe(VI) cathodes is expressed
s

MFeO4 + (3/2)Zn → (1/2)Fe2O3 + (1/2)ZnO + MZnO2,

M = Li2, Na2, K2, Ru2, Cs2, Sr, Ba (4)

According to Eq. (3), the discharge of alkaline Ag2FeO4
athode, Zn anode super-iron cell, will be expressed as

g2FeO4 + (5/2)Zn → (1/2)Fe2O3 + 2Ag + (5/2)ZnO

(5)

The alkaline super-iron batteries were probed in either a ‘coin
ell’ or an ‘AAA cell’ configuration. The cathode composite
as formed by mixing a specified mass of Fe(VI) salt with

n indicated weight percent of various carbon (carbon black or
raphite) as the conductive matrix or other additives. Super-iron
oin cells with a zinc anode were prepared from a conventional
.1 cm diameter ‘button’ battery cell. The cells were opened,
he anode and separator retained, and the cathode replaced with
he new Fe(VI) cathode in the cell. In super-iron AAA exper-
ments, components were removed from standard commercial
lkaline cells (a cylindrical cell configuration with diameter
0.1 mm, and a 42 mm cathode current collector case height),
nd the outer MnO2 mix replaced with a pressed Fe(VI) mix,

ollowed by inclusion of the separator, Zn anode mix, gasket,
nd anode collector and resealing of the cell. Cells were dis-
harged with a constant current, constant load or constant power
unction. Cell potential variation over time was measured via

d
h
e
c

ig. 1. (a) Energy capacity of K2FeO4, BaFeO4 and conventional MnO2 cathode alka
o standard or high-power alkaline MnO2 in AAA cylindrical cell configuration. M
easured energy capacity (Wh) vs. power (W) for the BaFeO4, high-power, or stand
ources 171 (2007) 966–980

abView Data Acquisition on a PC, and cumulative discharge,
s ampere hours or as watt hours, determined by subsequent
ntegration. The theoretical charge capacity is calculated by
he (3 F mol−1, F = Faraday, converted to ampere hours) mea-
ured cathode mass of the Fe(VI) salt. The three-electron Fe(VI)
aradaic efficiency is determined by comparison of the measured
umulative ampere hours of discharge to the theoretical charge
apacity [6–10].

.2. Charge storage advantages of alkaline super-iron
atteries: comparison with conventional MnO2/Zn alkaline
attery

High purity K2FeO4 and BaFeO4 are readily synthesized
hrough chemical methodology, with synthesis details described
n reference [11]. Coupled with the Zn anode, generally,
he open-circuit potential of BaFeO4 super-iron battery is
.85 V, 0.1 V higher than that of K2FeO4 battery at 1.75 V
6]. On the basis of open-circuit potential and Eq. (2), the

2FeO4/Zn and BaFeO4/Zn batteries possess a respective max-
mum energy capacity of 475 Wh kg−1 and 419 Wh kg−1, both
igher than the maximum of 323 Wh kg−1 for a MnO2/Zn
attery.

The energy capacities of K2FeO4, BaFeO4 and conventional
nO2 cathode, alkaline primary batteries with a Zn anode were

ompared in Fig. 1a.
In both the low- (6000 �, current density J = 0.25 mA cm−2)

nd high- (500 �, J = 3 mA cm−2) discharge domain, the
2FeO4 cell generates a significantly higher capacity than does

he MnO2 cell. Of the three cells examined, the BaFeO4 cathode
ell exhibits the highest coulombic efficiency at high discharge
ates (J > 10 mA cm−2), resulting in the observed higher energy
apacity despite the lower intrinsic charge capacity of BaFeO4
ompared to K2FeO4. The benefit of the facile charge-transfer
rical cell configuration (Fig. 1b). Discharge to 1 V at 0.7 W
igh constant power, the BaFeO4 cell provides 200% higher
nergy compared to the advanced MnO2 alkaline cylindrical
ell [6].

line primary batteries with a Zn anode. (b) The discharge of BaFeO4 compared
ain portion: cell potential measured during constant power discharge. Inset:

ard alkaline MnO2 cells [6].
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Fig. 2. The improved faradaic efficiency of a K2FeO4 cathode cell with a
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itanate additive. The percent of theoretical capacity is determined by the mea-
ured cumulative ampere hours, compared to the calculated ampere hours in the
F mol−1 measured mass of the Fe(VI) salt [10].

. Optimization and charge transfer enhancement of
2FeO4, BaFeO4 alkaline super-iron batteries

.1. Discharge efficiency of K2FeO4, BaFeO4 alkaline
uper-iron batteries and SrTiO3, Ba(OH)2 additives

At high load (current densities above 1 mA cm−2) the faradaic
fficiency of Fe(VI) reduction is significantly higher for a
aFeO4 cathode compared to a K2FeO4 cathode, as shown in
ig. 2. In KOH electrolytes, titanates (Ti(IV) salts) have been
tilized to improve the high current density utilization of the one-
lectron reduction of MnO2 [37]. The similar phenomenon was
lso observed for the K2FeO4 faradaic efficiency. The improve-
ent in K2FeO4 charge transfer was observed for a SrTiO3

dditive, which as presented in Fig. 2 under the indicated 500 �

ischarge load (equivalent to a current density of ∼3 mA cm−2),
mproves the three-electron utilization from ∼68 to 77% (as

easured by the fraction of the available 31 mAh discharged to
0.8 V cutoff).

The fundamental solubility and stability of K2FeO4 and

aFeO4 in alkaline electrolyte have been probed [7]. K2FeO4

olubility may be controlled over several orders of magnitude
hrough the judicious choice of an alkali solution, while a very
ow (sub millimolar) K2FeO4 solubility can be achieved in a

o
t
h
e

ig. 3. Super-iron (Zn anode) batteries treated with solid phase cathode modifiers, a
athode mix also contains 10% carbon by mass [8].
ources 171 (2007) 966–980 969

OH electrolyte also containing Ba(OH)2. In highly concen-
rated hydroxide, both KOH and CsOH electrolytes suppress

2FeO4 solubility. Solubility of K2FeO4 and BaFeO4 in var-
ous alkaline electrolytes (various concentrations and various
ation hydroxides) has been studied in detail in Ref. [7]. In
he K2FeO4 case the higher KOH concentration the lower of
he solubility of K2FeO4. BaFeO4 is insoluble in water and
as a solubility less than 2 × 10−4 M in 5 M KOH containing
a(OH)2. The resultant very low Fe(VI) solubility is advan-

ageous, diminishing the possibility for self discharge in the
uper-iron battery [7]. For a fresh prepared cell, the discharge
ehavior has no difference when the KOH electrolyte is over
M. In this paper, the cells were prepared and studied in dif-

erent years with different concentrations of KOH solution
nd are indicated in each figure. Electrolyte choices for alka-
ine batteries is based on the low solubility of Fe(VI) salts.
imilarly, small amounts of Ba(OH)2 added to the Fe(VI) cath-
de can constructively enhance the Fe(VI) insolubility in the
lkaline electrolyte. To a K2FeO4 cathode, added Ba(OH)2
an enhance charge transfer of the battery due to the partial
onversion of K2FeO4 to BaFeO4 in the alkaline electrolyte
7,10]:

2FeO4 + Ba(OH)2 → BaFeO4 + 2KOH (6)

.2. Mn(IV), Co(III) modifiers and their effects on
uper-iron batteries

The Fe(VI) battery potential can be shifted and controlled
y specific modifiers. Small modifications (in the order of a
.1–10% by weight) of the Fe(VI) cathode can be used to
ither substantially enhance or diminish the discharge potential.
pecifically, as shown in Fig. 3a, the average discharge potential
f the BaFeO4 cell is increased by an average of ∼150 mV when
relatively small percent of Co2O3, is mixed with the BaFeO4.
lternately, the average discharge potential is decreased by an

verage of ∼200 mV when 1% of MnO2 is used to modify the
aFeO4.

Interestingly, these modifiers do not significantly affect the

pen circuit cathode potential of 1.84–1.89 V measured versus
he Zn anode nor do these modifications significantly affect the
igh faradaic efficiency of the three-electron reduction [8]. Such
ffects are useful to provide control of the super-iron battery dis-

dded Co2O3 or coated MnO2: (a) BaFeO4-Zn cell; (b) K2FeO4-Zn cell. The
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harge potential. These effects are also generalized to K2FeO4
athodes (Fig. 3b).

Chemical mediation of Fe(VI) charge transfer with perman-
anate and manganate will be presented in Section 3. Here,
he advantage of Fe(VI) remediation with Mn(VII), Mn(VI)
as taken to coat the Fe(VI) particles with a small overlayer
f MnO2, which can have a dramatic effect on the discharge
otential of the super-iron battery [8]. The coating procedure is
etailed in reference [8]. Normally, if K2FeO4 powder is coated
ith an excess of manganate or permanganate, the cell potential

s not significantly affected. However, when the K2FeO4 powder
s coated to a low level, as seen in Fig. 3b with the 1% KMnO4-
oated K2FeO4 powder, the cell exhibits a discharge potential
iminished by 150 mV.

The following proposed model [8] appears to be consistent
ith the observed decrease in potential of this Mn-coated super-

ron: the decreased Fe(VI) potential is due to the intermediate
eduction of Mn(IV) surface states which are electrocatalytically
ctive in accord with the following equation:

3MnO2 + (3/2)H2O + 3e− → (3/2)Mn2O3 + 3OH−,

E = 0.3 V versus SHE (7)

Following reduction, discharged manganese sites are reacti-
ated by the remaining Fe(VI) in the chemical step:

(3/2)Mn2O3 + FeO4
2− + H2O

→ 3MnO2 + (1/2)Fe2O3 + 2OH− (8)

The renewed MnO2 can then continue to catalyze the Fe(VI)
eduction, in accord with the electrochemical and chemical steps
ummarized by a repetitions of Eqs. (7) and (8). In accord with
his mechanism, Fe(VI) reduction will occur at a potential shifted
owards the MnO2 reduction potential, nevertheless accessing
he intrinsic faradaic capacity of the Fe(VI) cathode [8].

An understanding of the observed Co(III) effect of a signifi-
ant potential increase shown in Fig. 3 is facilitated by a review of
o alkaline electrochemistry [8]. Of significance is the emphasis
y Gohr [38] of a Co(IV) oxide which may be reduced in alka-
ine solutions at a potential which is 0.1–0.2 V higher than the
e(VI) potential, and therefore is consistent with the observed

ncrease in the Fe(VI) cathode discharge potential:

CoO2 + 2H2O + e− → Co(OH)3 + OH−,

E = 0.7 V versus SHE (9)

hich indicates that the Fe(VI) potential is insufficient for
o(III) oxidation to Co(IV). Nevertheless the potentials are
lose, and one hypothesis is that a Nernst shift of potentials,
ufficient for Fe(VI) to oxidize Co(III), may occur for exam-
le in an excess of Fe(VI), and at the electrode | concentrated
ydroxide interface. This hypothesis suggests a mechanism for

he observed Co(III) enhancement of the super-iron potential via
n electrochemically active Co(IV) intermediate state:

3Co(OH)3 + FeO4
2−

→ 3CoO2 + (1/2)Fe2O3 + (7/2)H2O + 2OH− (10)

3
o

d

ig. 4. The effect of carbon based cathode conductive additive on the discharge
f super-iron (BaFeO4-Zn) batteries [10].

The electrochemical discharge of the Co(IV) intermediate
ollows Eq. (9) and thereby releases Co(III) for continued catal-
sis of the Fe(VI) reduction in accord with Eqs. (9) and (10)
8].

.3. Various carbon conductors and their effects on
uper-iron batteries

One micron graphite and carbon black are the two best con-
uctive matrix to support Fe(VI) cathodes discharge. Various
arbon materials were probed, added as a conductive matrix to
upport Fe(VI) reduction. However, as seen in Fig. 4, most of
hem yield a low Fe(VI) discharge capacity. These observed low
ischarge capacities may be due to several factors including (i)
igh intrinsic resistance of the added ‘conductor’, (ii) poor elec-
ron transfer between the clean conductor | Fe(VI) interface, and
iii) reaction and passivation of the conductor | Fe(VI) interface
10].

The carbon based materials added to the Fe(VI) cathode are
bserved to be described by three categories in Fig. 4, which
onsist of materials supporting either efficient, intermediate,
r inefficient Fe(VI) charge transfer. The inefficient category
ncludes carbon powder with 4% ash, high ash, colloidal, and
dhesive graphites. The intermediate category includes the 40
nd 70 �m particle size graphites. Finally, the efficient Fe(VI)
harge transfer category comprises carbon black (either 50% or
ully compressed) and 1 �m graphite. As seen in the figure, the
ully compressed carbon black provides improved super-iron
attery discharge characteristics compared to the 50% com-
ressed carbon black cathode conductor. As also noted in the
gure, a small (3%) addition to the cathode of KMnO4 and
a(OH)2 can further improve the discharge characteristics [10].

.4. Fluorinated polymer graphite conductor and its effects

n super-iron batteries

Fluorinated polymer graphite has an interesting effect on the
ischarge of super-iron battery [10,15], as presented in Fig. 5.
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4.1. Inhibition of Fe(VI) charge transfer

F
B

ig. 5. The effect of fluorinated graphite polymer as a cathode additive on the
ischarge of BaFeO4-Zn AAA cylindrical batteries [10].

As seen in the top curve of Fig. 5, and consistent with the
esults of Fig. 2, a mix of 1 �m graphite and carbon black sustains
high discharge potential throughout an efficient three-electron

eduction of the Fe(VI). The fluorinated polymer graphite can
e used to effectively control the cell discharge potential while
aintaining a high discharge efficiency. The lowest curve in
ig. 5 was obtained with a Fe(VI) cathode mix containing only

he 27% fluorinated polymer graphite (FG(27%)). A lower, but
ignificant discharge voltage of 1.2–1.3 V is sustained. Despite
hese significant polarization losses, this conductor supports a
omewhat higher Fe(VI) faradaic efficiency than that observed
ith the graphite/carbon black conductor. As seen in the figure,

eplacement of 1% of the FG(27%) with the 1 �m graphite has
ittle effect on the discharge potential. The observed faradaic
fficiency of approximately 92% is yet higher. Replacement of
igher amounts of the FG(27%) with the 1 �m graphite provides
ontrol of the discharge voltage. The discharge voltage jumps by
00 mV when 2% of 1 �m graphite is utilized and as seen in the
gure, the discharge potential continues to increase when 5% of
�m graphite is utilized. Finally, as seen comparing the top two

urves of the figure, the Fe(VI) mix, containing 2% FG(27%)
nd 8% 1 �m graphite, provides a marginally higher faradaic
fficiency, albeit at marginally lower discharge potential, com- o

ig. 6. Discharge comparison using (a) low weight; (b) high weight fractions of co
aFeO4 AAA batteries. Anode of the cell is Zn, and 13.5 M KOH was used as electr
ources 171 (2007) 966–980 971

ared to the cathode mix containing 1 �m graphite and carbon
lack cathode.

Further presented in Fig. 6a, a cell with a 10 wt% of FG(27%)
onductor, does not exhibit an evident greater storage capacity
han the graphite/carbon black cell. However, cells using 10 wt%
f FG(58%), not only exhibit a higher storage capacity, but as
een in the figure, this nominal storage capacity is over 100%
f the theoretical capacity of BaFeO4. This effect was further
xplored with the additional set of cathode mixes containing
higher weight fraction of the added conductor, as shown in
ig. 6b.

As shown in Fig. 2, at high load, the faradaic efficiency of
2FeO4 cathode is low. But at lower current densities and high

raction of graphite, K2FeO4 is also expected to approach dis-
harging to the theoretical 3e−/Fe(VI). As seen in Fig. 6b, the
ischarge of 10 wt% K2FeO4 in 90 wt% 1 �m graphite, leads to
he expected near 100% of the theoretical 3e− storage capacity
406 mAh g−1 K2FeO4). Unexpectedly, replacement of this high
raction of graphite with an equal mass (90 wt%) of FG(27%),
eads to nearly 200% of the theoretical storage capacity. Com-
ining with KMnO4, a cell containing both 5 wt% K2FeO4 and
wt% KMnO4 with 90 wt% of this FG exhibits over 175% of

he theoretical three-electron storage capacity. By comparison,
cell containing both 5 wt% BaFeO4 and 5 wt% KMnO4 with
0 wt% of this FG(27%) exhibits nearly 200% of the theoretical
hree-electron storage capacity [15].

The unusual effects of FG conductors on the discharge of
uper-iron batteries are related to the intrinsic alkaline cath-
de capacity in FGs which does not occur in conventional
raphites or carbon blacks [15]. The FG polymers are observed
o simultaneously maintain two roles in the cathode compos-
te; functioning both as a conductive matrix, and also adding
ntrinsic capacity to the cathodes [15].

. Chemical mediation of Fe(VI) charge transfer and
e(VI)/Mn composite super-iron batteries
The alkaline galvanostatic reduction of solution phase Fe(VI)
n Pt generates an observable solid Fe(III) overlayer and sus-

nventional or FG conductors in the cathode composite of super-iron K2FeO4,
olyte [15].
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ig. 7. Galvanostatic reduction on Pt for 2 mM K2FeO4 in 13.5 M KOH or the
ndicated pressed Fe(VI) powders on Pt in 13.5 M KOH [20].

ains cathodic current densities of only less than 100 �A cm−2.
s seen in the comparison in Fig. 7, solid Fe(VI) cathodes

an sustain two orders of magnitude higher current den-
ity, which is highest when mixed with several percent of
raphite.

As represented in the scheme included within the figure,
e(VI) charge transfer inhibition, when occurring, appears
irectly related to buildup of a low conductivity Fe(III) reduc-
ion product at the Fe(VI)/cathode current collector interface.
he Fe(III) products have been studied with FTIR, ICP, and
-ray powder diffraction [12]. From the FTIR, these Fe(VI)
ischarge products contain hydroxide and Fe(III) salts, but the
morphous nature of the observed spectra does not lead to
dentification of the specific MaFe(III)Ox(OH)y(H2O)z product
M = K2 or Ba). It is reasonable to assume that the product will
ary with pH, the extent of hydration, and the degree of Fe(VI)
ischarge. Thus, the coexisting product stoichiometries may
nclude:

e2O3 + xH2O ⇔ 2FeOOH·(x − 1)/2H2O (11)

Fe2O3 + xBa(OH)2

⇔ BaxFe2O(3+x)·yH2O + (x − y)H2O (12)

e2O3 + 2xKOH ⇔ K2xFe2O(3+x)·yH2O + (x − y)H2O

(13)

It is evident from the observed higher relative coulombic effi-
iencies of BaFeO4 cathodes, and from the high current densities

ustained in Fig. 7, that the barium product of a BaFeO4 reduc-
ion does not inhibit charge transfer to the degree of inhibition of
he potassium product of K2FeO4 reduction. This is consistent
ith the results shown in Fig. 2.

h
c
c

ources 171 (2007) 966–980

.2. Chemical mediation of Fe(VI) charge transfer

Licht’s group have probed the Mn(VI), Mn(VII) improve-
ent of (both potassium and barium) Fe(VI) charge transfer

8,14]. A mechanism consistent with this facile charge transfer
s proposed as Fig. 8. With a similar alkaline potential, an anal-
gous description for a manganate, Mn(VI), facilitated Fe(VI)
rocess will be evident from Eq. (15), but is not included in
ig. 8 description for clarity. The process utilizes the overlapping
nergetics of Mn(VII) and Fe(VI) redox chemistry to provide
lternate pathways to minimize the effect summarized in Fig. 7
f Fe(III) charged transfer inhibition and promoting Fe(VI)
egeneration. The driving force for the Fe(VI) regeneration is
he chemical and potential gradient that will spontaneously arise
s the cathode discharges which as described in Fig. 8 creates
n anodic shift in more highly reduced portions of the cathode.
e(III) at these sites is spontaneously regenerated to nonpassi-
ating Fe(VI) by Mn(VII), as expressed by

MnO4
− + Fe2O3 + 2OH− ↔ 2MnO2 + 2FeO4

2− + H2O

(14)

or via manganate as expressed by)

MnO4
2− + H2O + Fe2O3 ↔ 3MnO2 + 2OH− + 2FeO4

2−

(15)

This same potential gradient will drive Mn(IV) regeneration
o Mn(VII) via interior (bulk) Fe(VI) and the reverse reaction
escribed in Eq. (14). This provides a charge shuttle to access
ulk Fe(VI), which is only possible due to the near lying redox
otentials of the Fe(VI/III) and Mn(VII/IV) half reactions. As
etailed in Fig. 8, the process may be summarized by the co-
athode chemical mediation of the Fe(VI/III) redox reaction to
revent Fe(VI) depletion near the cathode current collector and
rovide facile charge-transfer according to

e(VI)collector + 3e− → Fe(III)collector (16)

e(III)collector + Mn(VII) → Fe(VI)collector + Mn(IV) (17)

e(VI)bulk + Mn(IV) → Fe(III)bulk + Mn(VII) (18)

.3. K2FeO4/Mn(VII or VI) composite super-iron batteries

The synergistic improvement of a K2FeO4 cathode with
ither KMnO4 or BaMnO4 is presented in the top 2 section of
ig. 9 and further detailed in Table 2.

As seen in Table 2, in addition to KMnO4 and BaMnO4, the
2FeO4 cathode can also be improved by inclusion of other acti-
ators individually or together with Mn(VII or VI). As detailed
n the table, added salts, such as LiOH or NaOH do not increase

K2FeO4 cathode discharge. Also included in the table are
elatively small, but significant, improvements of the K2FeO4
ischarge energy with 10% addition of CsOH and Ba(OH)2.
A composite K2FeO4/BaMnO4 cathode yields a significantly
igher energy capacity than a pure K2FeO4 cathode. As indi-
ated in the top section of Fig. 9 as the open or solid small
ircles, added barium manganate can significantly enhance the
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ig. 8. Co-cathode redox mediated Fe(VI) charge transfer, exemplified by Mn(V
o facilitate Fe(VI) charge transfer; illustrated here by energy, mechanism, and

ischarge energy of the K2FeO4 cathode. This is a synergis-
ic effect, increasing the energy of either pure cathode alone.
or the K2FeO4/BaMnO4 composites, a maximum 2.8 � dis-
harge energy of 0.78 Wh is measured for the cell containing
5 wt% K2FeO4 and 55 wt% BaMnO4, which is more than dou-
le that seen for the pure K2FeO4 cathode. As detailed in Table 2
t the low rate (constant 75 � load), the K2FeO4/BaMnO4
omposite cathode exhibits a nearly constant maximum energy
apacity of 1.2 Wh over a wide composition range varying
rom 33:67% to 67:33%. KOH or Al2O3 impairs the discharge
ffectiveness of the BaMnO4/K2FeO4 composite cathode. But
a(OH)2 modestly increases the discharge energy of the com-
osite BaMnO4/K2FeO4 cathode due to the improvements of

a(OH)2 on the pure K2FeO4 electrode [20].

The discharge of K2FeO4/KMnO4 composite cathodes was
ptimized with various additives. The Ba(OH)2 was consis-
ently the most effective additive with the high rate discharge

a
[

a

dition. Composites with near lying redox processes provide multiple pathways
cal schematic representation [20].

ummarized in the midsection of Fig. 9. In the presence
f both Mn(VII) salts and Fe(VI), competing alkali earth
ydroxide effects are complex. For example, in the reac-
ion with Ba(OH)2, the KMnO4 reaction product Ba(MnO4)2
s highly soluble. However, the alternative reaction K2FeO4
ith Ba(OH)2 forms BaFeO4, which is insoluble in water.
s seen in the midsection portion of Fig. 9, the addition of
a(OH)2 to the K2FeO4/KMnO4 cathode results in a signifi-
ant increase in discharge energy, and at an average discharge
otential greater than that observed for the K2FeO4/KMnO4
omposite without Ba(OH)2. At both high and low rate, a
aximum discharge energy is observed with the 33:57:10 wt%
2FeO4:KMnO4:Ba(OH)2 composition which provides 0.73
nd 1.62 Wh, respectively over either 2.8 or 75 � load discharges
20].

AgMnO4 provides an unusual salt in that the Ag valence
cts in a manner intermediate to Ag(I) and Ag(II), that is as
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Table 2
Comparison of the discharge behavior in alkaline AAA cell of a cathode composite containing K2FeO4/BaMnO4 or K2FeO4/KMnO4 (dry cathode composition, by
mass discharge to 0.8 V, at constant load)

Fe salt wt% Mn salt wt% Salt wt% 2.8 � 75 �

E (Wh) Vav (V) E (Wh) Vav (V)

K2FeO4 100 0.28 1.17 0.68 1.36
K2FeO4 90 Ba(OH)2 10 0.35 1.15 0.79 1.44
K2FeO4 90 LiOH 10 0.30 1.09 0.63 1.31
K2FeO4 90 NaOH 10 0.24 1.05 0.60 1.35
K2FeO4 90 CsOH 10 0.34 1.17 0.83 1.44
K2FeO4 0 BaMnO4 100 0.37 1.16 0.96 1.19
K2FeO4 5 BaMnO4 95 0.44 1.16 1.03 1.26
K2FeO4 10 BaMnO4 90 0.54 1.17 1.14 1.31
K2FeO4 25 BaMnO4 75 0.59 1.17 1.16 1.39
K2FeO4 33 BaMnO4 67 0.65 1.19 1.20 1.40
K2FeO4 45 BaMnO4 55 0.78 1.20 1.20 1.41
K2FeO4 50 BaMnO4 50 0.67 1.20 1.20 1.41
K2FeO4 67 BaMnO4 33 0.66 1.20 1.19 1.44
K2FeO4 75 BaMnO4 25 0.57 1.22 1.12 1.45
K2FeO4 90 BaMnO4 10 0.38 1.21 0.98 1.45
K2FeO4 95 BaMnO4 5 0.38 1.19 0.71 1.43
K2FeO4 33 BaMnO4 57 Al2O3 10 0.62 1.19 1.10 1.37
K2FeO4 57 BaMnO4 33 Al2O3 10 0.56 1.17 1.13 1.43
K2FeO4 10 BaMnO4 57 Ba(OH)2 33 0.44 1.26 0.68 1.28
K2FeO4 33 BaMnO4 34 Ba(OH)2 33 0.60 1.28 0.92 1.51
K2FeO4 33 BaMnO4 57 Ba(OH)2 10 0.81 1.27 1.17 1.41
K2FeO4 50 BaMnO4 25 Ba(OH)2 25 0.78 1.28 1.15 1.51
K2FeO4 57 BaMnO4 33 Ba(OH)2 10 0.81 1.29 1.21 1.46
K
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2FeO4 57 BaMnO4 10 Ba(OH)2

2FeO4 57 KMnO4 10 Ba(OH)2

2FeO4 50 KMnO4 50

or Ag(I + x)Mn(VII − x)O4, where 0 < x < 1 [16,39]. Of the per-
anganate and manganate salts explored to date, AgMnO4

romotes one of the larger increases in the K2FeO4 alkaline
athode discharge, a phenomenon consistent with the observed
g activation of Fe(VI) (to be presented in the next section),
ut the AgMnO4 activation phenomenon is only substantial in
he presence of KOH (added as a solid salt to the mix) [16].
his is observed in the lowest section of Fig. 9. In the absence
f KOH, the 2.8 � discharge of the K2FeO4 cathode increases
rom to 0.3 Wh to ∼0.4 Wh with the addition of 18% AgMnO4,
ut is enhanced to 0.5 Wh using only 12 wt% AgMnO4 with
OH (6 wt%). This increase to ∼0.8 Wh is with the inclusion of
8 wt% AgMnO4 and 12 wt% KOH. Finally, as also seen in the
gure, a K2FeO4, partially converted to the barium salt with a
a(OH)2 wash and mixed with AgMnO4 and KOH, provides a
athode with a high rate discharge similar to the desired capac-
ty of the BaFeO4 cathode, exhibiting a higher energy capacity,
ut lower average discharge potential. Aspects of the intriguing
OH activation of the pure AgMnO4 alkaline cathode (without
2FeO4) are explored in reference [16], and the AgMnO4 acti-
ation of K2FeO4 is still lower than that observed for the AgO
ediation of K2FeO4 charge transfer (see Section 5).

.4. BaFeO4/Mn(VII) composite super-iron batteries
The 75 � energy capacity of pure BaFeO4 is 1.75 Wh with a
ischarge profile highly similar to that of the 95% BaFeO4/5%
MnO4 composite cathode (capacity of 1.8 Wh to a 0.8 V

i
c
3
a

33 0.76 1.29 1.27 1.61
33 0.63 1.26 1.04 1.16

0.47 1.41

ischarge) detailed in the top section of Fig. 10. As seen in the fig-
re, cells containing high fractions of both BaFeO4 and KMnO4
ischarge to a higher capacity. Hence, a cathode with either 50:50
r 75:25 relative weight percent of BaFeO4 to KMnO4 yields
espective discharge capacities of 1.83 and 1.95 Wh. Utilization
f a CsOH, rather than KOH electrolyte further enhanced the dis-
harge energy to 2.1–2.2 Wh. The resultant volumetric capacity
f 600 Wh cm−3 is high compared a maximum 400 Wh cm−3

or a high performance MnO2 cathode alkaline AAA
ell.

.5. BaFeO4/MnO2 composite super-iron batteries

Due to the restriction use of barium salts by the US EPA [40],
t is of interest to probe the MnO2/BaFeO4 composite cathodes
ith reduced barium levels. As seen in Fig. 11, due to the lower

verage voltage discharge for the pure MnO2 cathode, its 0.7 W
ischarge is diminished compared to the 2.8 �. In comparison,
igh capacities are shown for both a constant load (2.8 �) dis-
harge and for a constant power (0.7 W) discharge, for the cell
ontaining a cathode composed primarily of BaFeO4. As also
resented in the figure, BaFeO4/MnO2 composites, containing
ess barium, exhibit significantly higher discharge energy com-
ared to the MnO2 cathode in conventional alkaline cells, and

ntermediate to the values observed for the MnO2 free, BaFeO4
athode. Under the same 2.8 � load, high rate conditions, the
:1 composite MnO2/BaFeO4 cathode cells yields 0.78 Wh to
n 0.8 V discharge cut-off, providing ∼30% additional capacity
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Fig. 9. Cell potential and energy capacity of alkaline cells with K2FeO4 com-
posite cathodes containing various relative amounts of BaMnO4, KMnO4,
AgMnO4, Ba(OH)2, or KOH, compared to K2FeO4 in the cathode mix, dur-
ing discharge at a high constant load rate of 2.8 �. In the composite cells, the
combined mass of the K2FeO4 and other salts is intermediate to the mass of the
pure salts (a pure cathode contains 3.5 g K2FeO4, 4.2 g BaFeO4, 4.1 g BaMnO4,
3.5 g KMnO4, or 4.6 g AgMnO4). Cells use an alkaline AAA configuration
including 9 wt% graphite and 18 M KOH electrolyte [20].

Fig. 10. Cell potential and energy capacity of alkaline super-iron AAA cells.
Cells contain various indicated weight fractions of Fe(VI), Mn(VII), and Mn(VI)
salts, in the cathode mix, and use either a KOH or CsOH electrolyte [14].
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ig. 11. The high power domain discharge of super-iron (BaFeO4 and
aFeO4/MnO2 composites) compared to the discharge of MnO2 cathode cells,
ach in a cylindrical (AAA) cell configuration [19].

ompared to the 2.8 � pure MnO2 cell discharge, and more than
ouble the capacity of the pure MnO2 0.7 W discharge. The
:1 composite MnO2/BaFeO4 cathode cells yield 0.85 Wh to
n 0.8 V discharge cut-off, providing ∼40% additional capacity
ompared to the 2.8 � pure MnO2 cell discharge, and triple the
apacity of the pure MnO2 0.7 W discharge. Note: a 3:1 “MnO2”
o “Ba” composite cathode was prepared with 75% by mass of
he dry MnO2 cathode mix and 25% of the dry BaFeO4 cath-
de mix, for a total dry mass of 4.9 g; a 1:1 “MnO2” to “Ba”
omposite cathode was prepared with 50% by mass of the dry
nO2 cathode mix and 50% of the dry BaFeO4 cathode mix,

or a total dry mass of 4.8 g. A 0.4 g of saturated KOH is added
o each of the various cathode mixes [19].

. Silver mediation of Fe(VI) charge transfer & zirconia
oating stabilized Fe(VI)/AgO composite super-iron
attery

.1. Chemical and electronic mediation of Fe(VI) charge
ransfer

Fig. 12 is a model in a process for co-cathode electronic
nd redox mediated Fe(VI) charge transfer in which conduc-
ive composites with energetically near lying redox processes
rovide multiple pathways to facilitate Fe(VI) charge transfer
20].

In this figure, the process is exemplified by addition of an
g(II) salt, in which the cathode/collector interfacial conductiv-

ty (a) increases with Ag(I) and Ag(0) formation, (b) diminishes
ith Fe(VI) reduction, and (c) recovers with Fe(VI) regenera-

ion. An Ag(II) salt, such as AgO, as an Fe(VI) co-cathode is
nalogous to Mn(VII) and Mn(VI) in that it exhibits intrinsic two
eparate alkaline cathodic redox couples in the same potential

omain as the single 3e− Fe(VI) redox couple:

AgO + (1/2)H2O + e− → (1/2)Ag2O + OH−,

E = 0.6 V versus SHE (19)
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ig. 12. Co-cathode electronic and redox mediated Fe(VI) charge transfer, ex
ultiple pathways to facilitate Fe(VI) charge transfer; illustrated here by energy

(1/2)Ag2O + (1/2)H2O + e− → Ag + OH−,

E = ∼ 0.35 V versus SHE (20)

In comparison to the chemical mediation model of Fig. 8,
n Fig. 12 the additional pathway for Fe(VI) charge transfer is
vident in the mid-left chemical schematic labeled electronic
ediated charge transfer. Concurrent with increasing cathode

onsumption is an increasing buildup of conductive Ag, pro-
iding electronic access to bulk Fe(VI). Silver is a superlative
etallic conductor; as the AgO discharges, the concentration of

educed silver grows and provides a growing conductive matrix
o increasingly facilitate the Fe(VI) reduction [20].

.2. MFeO4 (M = K2 or Ba)/AgO composite cathode

uper-iron batteries

The activation of BaFeO4 and K2FeO4 by AgO in Fig. 13 is
ubstantial compared to that by KMnO4 or BaMnO4 observed

w
s
c
1

fied by Ag(II) addition. Composites with near lying redox processes provide
hanism, and chemical schematic representation [20].

n Figs. 9 and 10 and Table 2. As seen in Fig. 13b, as little as
wt% AgO composite with K2FeO4 yields a discharge energy
omparable or larger than the 50 wt% of the KMnO4/K2FeO4
omposite cathode. At larger AgO fractions, high rate discharge
nergies as great as 1.5 Wh are observed. These discharge ener-
ies are substantially higher than conventional alkaline MnO2
nd are also higher than AgO (or BaFeO4) alone.

The AgO has a synergistic activation on BaFeO4 or K2FeO4
n which the combined discharge capacity of the composite
g(II)/Fe(VI) cathode is larger than that of either cathode alone.
s with K2FeO4, an unusually high energy discharge also
ccurs for an AgO cathode composite with the BaFeO4 Fe(VI)
alt. In Fig. 13a the BaFeO4/AgO cathode mix maintains the
nusual high-power characteristic known for the BaFeO4 cath-
de without AgO. Hence, the BaFeO4 cathode both with and

ithout AgO generates a power of at least 0.7 W over a con-

tant 2.8 � load. However, in addition, the Fe(VI) composite
athode unexpectedly discharges for ∼170 min and generates
.5 Wh, whereas under the same conditions, the BaFeO4 cath-
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Fig. 13. Cell potential and energy capacity of alkaline cells with (a) BaFeO4,
(b) K2FeO4 cathode composites containing various weight fractions of AgO
during discharge at a high constant load rate of 2.8 �. Cells use an alkaline
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matrix, while the capacity decreases by an order of magnitude
after 7 days of storage. A 1% zirconia coating dramatically
improves the capacity after storage, which is further improved
with a 5% KOH additive. A low level AgO additive to the cath-
AA configuration including in the cathode 9 wt% graphite and 18 M KOH
lectrolyte. Inset of (a) energy at various powers during discharge of these and
omparative cells [20].

de without AgO discharges for ∼80 to 90 min and generates
.9 Wh. The BaFeO4/AgO composite cathode exhibits a maxi-
um discharge energy higher than either component alone. The

ischarge capacity is ∼5-fold higher than the equivalent con-
tant power discharge of the conventional alkaline MnO2 cell,
r ∼3-fold higher than a constant resistive load discharge [20].

.3. Constant power comparison of MnO2, BaFeO4, and
gO/K2FeO4 cathodes

The unusually high specific energy/specific power of var-
ous Fe(VI) alkaline batteries is summarized in the inset of
ig. 13a. Of relevance to both practical electronics and as a fun-
amental energy comparison, a constant power density, rather
han constant load or constant current density, offers a more
tringent comparison of cathode capabilities. In this discharge
he lower average cathode potential of the MnO2 cathode (Eq.
7)) compared to Fe(VI) (Eq. (2)) must be compensated by a

igher average current density which will further impair the
nO2 charge transfer. As in Fig. 1, under conditions of con-

tant, rapid 0.7 W discharge in an AAA cell configuration, the
nO2 discharges to a maximum of 0.52 h (0.36 Wh), whereas a

F
p

ources 171 (2007) 966–980 977

% KMnO4/95% BaFeO4 cathode (containing (4.0 g BaFeO4)
ischarges for 1.26 h to 0.88 Wh [12]). Under the same condi-
ions, for the composite AgO/K2FeO4 cathodes, a 8 wt% (0.3 g)
gO/92 wt% K2FeO4 cell discharges for 1.28 h to 0.90 Wh, a
0 wt% (0.7 g) AgO/80 wt% K2FeO4 cell discharges for 1.58 h
o 1.11 Wh, and a 39 wt% (1.5 g) AgO/61 wt% K2FeO4 cell
ischarges for 2.13 h to 1.49 Wh [20].

.4. Stabilization of K2FeO4 cathode with zirconia coating

As presented in the previous sections, K2FeO4 exhibits higher
olid state stability (<0.1% decomposition per year) and higher
ntrinsic 3e− capacity than pure BaFeO4, but the rate of charge
ransfer is higher in the latter. Charge transfer is effectively
nhanced manifold in K2FeO4 by small additions of AgO, while
he AgO/K2FeO4 composite cathode exhibits higher capacity
han pure BaFeO4 and MnO2 cathodes. However, the Fe(VI)
orms a ferric overlayer, upon storage the bulk Fe(VI) remains
ctive, but the overlayer passivates the alkaline cathode towards
urther discharge.

Due to its extreme stability over a wide temperature and envi-
onmental range, zirconia has been used as a protective coating
or a variety of materials [41,42]. It has been explored to a lesser
xtent to protect in aqueous alkaline media, as typical zirconia
eposition methods such as spray pyrolysis, plasma deposition,
nd colloidal deposition tend to deactivate or only partially cover
lectroactive surfaces [41–43]. However, in aqueous alkaline
edia, zirconia is practically insoluble (Ksp = 8 × 10−52) and

table [44]. Licht’s group developed a novel zirconia coating,
erived from an organic soluble zirconium salt. The coating
ethod and the formation/protection mechanism for zirconia

oated alkaline cathodes are detailed in Ref. [31].
The passivation of K2FeO4 cathode is seen in Fig. 14, in

hich the fresh pure K2FeO4 discharges well, but requires a
arge fraction (25 wt%) of graphite as a supporting conductive
ig. 14. Discharge capacity of K2FeO4 (uncoated or coated, and K2FeO4 com-
osite) –MH button cells fresh and after 7 days storage [31].
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ig. 15. (a) Alkaline super-iron coin cells (zinc anode) containing either a Ba
constant load of 3000 �. (b) Load and Fe(VI) salt effects on the discharge

2FeO4/AgO [25].

de, not only facilitates charge transfer, sustaining an effective
ischarge with a smaller conducting support (10%, rather than
5% graphite), but as seen in the figure yields an even greater
ischarge capacity than the uncoated, fresh K2FeO4.

. Cathodic charge transfer of Na(K)FeO4, Rb(K)FeO4,
s2FeO4, SrFeO4 and Ag2FeO4 super-iron batteries

On the basis of K2FeO4 and BaFeO4, a class of other super-
ron salts include alkali Fe(VI) salts Na(K)FeO4, Rb(K)FeO4,
s2FeO4, alkali earth Fe(VI) salt SrFeO4 and a transition metal
e(VI) salt Ag2FeO4 have been successfully synthesized [26].
his section focuses the cathodic charge transfer of these Fe(VI)
alts in alkaline battery systems.

Fig. 15a compares the constant load discharge of super-iron
atteries containing the Na, K, Rb, Cs and Ba super-iron cath-
des discharged at the same condition [25]. As observed in the
gure, the alternate Cs, Rb and Na mix cathodes discharge to
significant fraction of their respective intrinsic capacities of
09 mAh g−1 for Cs2FeO4, 290 mAh g−1 for Rb1.7K0.3FeO4,
nd 445 mAh g−1 for Na1.1K0.9FeO4. Each of the Fe(VI) cath-
des is similar in discharge potential, but does not generate quite
s a high coulombic efficiency as the BaFeO4 cathode [25].

c

i
U

ig. 16. (a) Alkaline super-iron AAA cells containing either a K2FeO4, BaFeO4, or S
ells containing either Ag2FeO4, AgO/K2FeO4 composite, or only K2FeO4 as a cath
Cs2FeO4, K2FeO4, Rb1.7K0.3FeO4, or Na1.1K0.9FeO4 cathode discharged at
ge energy of alkaline K, Cs or Ba super-iron AAA cells, and compared to a

Fig. 15b compares the discharge of various pure (K2FeO4,
s2FeO4, and BaFeO4), not mixed (Na1.1K0.9FeO4 or
b1.7K0.3FeO4) alkaline Fe(VI) cathodes in a configuration uti-

izing as a constraint a fixed volume of cathode, as compared
o the configuration which utilized a fixed mass (300 mg) of
athode. The fixed cathode volume constraint of this cylindri-
al AAA cell configuration favors a higher mass packing of
he cesium (4.9 g Cs2FeO4) and barium (4.4 g BaFeO4) com-
ared to potassium (3.2 g K2FeO4), which is due to the lower
ensity of the latter. However, this can be compensated for by
he substantially higher intrinsic 406 mAh g−1 capacity for the
hree electron Fe(VI) reduction of the potassium compared to
he cesium salt or barium salts. As seen in Fig. 15b, the bar-
um Fe(VI) cathode alkaline cell generates both at high and low
oad, a substantially higher discharge energy than the equiva-
ent cesium cathode cell. This is also the case for the potassium,
ompared to the barium, discharge in the figure. However, as
ncluded in the figure, silver activation of the potassium salt can
ead to higher discharge capacities for a K2FeO4/AgO composite

athode, compared to the BaFeO4 cathode cell [25].

Fig. 16a compares the SrFeO4, K2FeO4 and BaFeO4 super-
ron batteries under the same constant load discharge condition.
nder these conditions, the strontium Fe(VI) cathode discharges

rFeO4 discharged at a constant load of 75 �. (b) Alkaline Zn anode super-iron
ode, discharged at a constant load of 1000 � [13,26].
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o ∼1.5 Wh, a significantly higher energy than generated by
he K2FeO4 cathode, and approaches that of the BaFeO4 cath-
de cell. The strontium cathode cells typically exhibit ∼20 to
0 mV higher open circuit voltage than the equivalent barium
ell, and as seen in the figure, a higher potential average is
xhibited when the strontium cell is discharged under a low
75 �) load. Also of significance in Fig. 16a, is the discharge
f the cell under conditions of high power (small load). At a
onstant 2.8 �, the strontium cell discharges to 0.6 Wh. In addi-
ion (not shown here), a range of Fe(VI) salts were synthesized
ith a variety of strontium to barium ratios (SrxBa(1−x)FeO4;
= 0.05 to 0.95) and it is of interest that in the high power (2.8 �)
omain, the cell discharges to∼0.9 Wh at high potential with this
ischarge potential being indistinguishable from that observed
n the pure barium cathode when either a Sr0.25Ba0.75FeO4 or
r0.05Ba0.95FeO4 was utilized [13].

Ag2FeO4-Zn super-iron battery has an observed open circuit
oltage of 1.86(±0.04) V. The potential under load is signif-
cantly lower (Fig. 16b), due to Fe(III) polarization losses. As
een in Fig. 16b, for the Ag2FeO4 and 10 wt% graphite discharge
urve, the measured coulombic efficiency of the Ag2FeO4 salt is
ubstantially less than that observed under the same conditions
or either the K2FeO4 or AgO/K2FeO4 composite cathodes.
s previously discussed for other Fe(VI) salts, these losses

ppear to be related to an Fe(III) blocking layer near the cath-
de/conductor interface. Specially, for Ag2FeO4, these losses
re expected to be particularly acute due the relatively large,
3% ferric oxide/hydroxide impurity present as an artifact of
he Ag2FeO4 synthesis [26]. This will intersperse insulating
e(III) sites throughout the cathode, and inhibit charge transfer.
his inhibition can be minimized by improving the conduct-

ng collector, which is in contact with the cathode salt. Hence,
mprovement of the cathode conductive matrix is effectuated
y incorporating 30% rather than 10% graphite in the Ag2FeO4
alt cathode mix, resulting in an observed substantial increase in
oulombic efficiency in Fig. 16b; accessing more than 80% of the
heoretical 5e− capacity of the Ag2FeO4. A two-step potential is
vident during the discharge process. Consistent with the expec-
ation that three of the five electrons are accessed in the process
f Fe(VI) reduction, approximately 60% of the discharge occurs
t observed higher potential. Consistent with two of the five elec-
rons accessed in the process of Ag(I) reduction, approximately
0% of the discharge is observed to occur in a second step at a
ower potential. To improve Ag2FeO4 charge transfer, a variety
f alternative syntheses to decrease the observed 13% Fe(III)
mpurity in Ag2FeO4 salt were conducted [26]. These syntheses
ncluded variation of Ag(NO3)3 concentrations, drying temper-
ture, and filtration conditions. Another alternative synthesis
ncluded drying under O2, rather than vacuum, to attempt to

inimize wet salt decomposition losses. It is this latter synthe-
ized salt whose cathode product is included as the “alternate
ynthesis” discharge in Fig. 16b [26].
. Summaries

Fe(VI) species have been known for over a century. Licht’s
roup recently introduced a novel battery type based on a class
ources 171 (2007) 966–980 979

f cathodes incorporating Fe(VI), sustaining facile, energetic,
athodic charge transfer. Due to their highly oxidized iron basis,
ultiple electron transfer, and high intrinsic energy, it has been

efined Fe(VI) compounds as ‘super-iron’s and the new electro-
hemical storage cells containing them as ‘super-iron’ batteries.

Fe(VI) salts are capable of efficient three-electron reduc-
ion and sustains higher electrochemical storage capacity than
onventional cathode materials. Discharge products of Fe(VI)
re environmental benign. So far, a series of Fe(VI) com-
ounds which have been synthesized and explored in super-iron
atteries, include the synthesized Fe(VI) salts with three-
lectron cathodic charge capacity Na2FeO4, K2FeO4, Rb2FeO4,
s2FeO4 (alkali Fe(VI) salts), as well as alkali earth Fe(VI) salts
aFeO4, SrFeO4, and also a transition Fe(VI) salt Ag2FeO4
hich exhibits a five-electron cathodic charge storage.
Fe(VI) salts exhibit low solubility or insolubility in high

oncentrated alkaline electrolyte. Primary alkaline super-iron
attery chemistry was established with Fe(VI) cathodes and
inc anode, and sustain higher capacity than conventional alka-
ine batteries. Configuration optimization, enhancement and

ediation of Fe(VI) cathode charge transfer of primary Fe(VI)
lkaline batteries have been investigated in detail. Small par-
icle (1 �m) graphite and compressed carbon black have been
roved as the best conductive matrix for the super-iron cath-
des. Fluorinated polymer graphites provide an unusual additive
o Fe(VI) cathode and are observed to simultaneously main-
ain two roles in the cathode; not only acting as a conductive

atrix, but also adding intrinsic capacity to the cathode. Sev-
ral inorganic additives (such as SrTiO3) can also improve
he faradaic efficiency of Fe(VI) reduction. The Fe(VI) bat-
ery potential can be shifted and controlled by the solid phase

odifiers MnO2 (decreasing ∼200 mV) and Co2O3 (increas-
ng ∼150 mV). High capacity Fe(VI) salts (such as K2FeO4)
re tend to be passivated in alkaline media and hence the
harge transfer is inhibited. Two effective mediations and a
oating were demonstrated. Chemical mediation of Fe(VI)
ith Mn(VII) or Mn(VI) improved cathodic discharge effi-

iency of K2FeO4. Chemical/electronic Ag(II) mediation of
e(VI) redox chemistry significantly improves alkaline Fe(VI)
athodic charge transfer. Composite Fe(VI)/Mn(VI or VII),
e(VI)/MnO2, as well as Fe(VI)/Ag(II) cathodes provide much
igher power energy capacity than the single cathodes. A novel
irconia coating derived from an organic soluble zirconium
alt (ZrCl4) through an organic media significantly stabilized
e(VI) cathodes and extended the storage life of super-iron
atteries.
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