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Inexpensive, robust and efficient large-scale electrical energy storage systems are vital to the utilization of electricity generated from
solar and wind resources. In this regard, the low cost, robustness, and eco-friendliness of aqueous iron-based rechargeable batteries
are particularly attractive and compelling. However, wasteful evolution of hydrogen during charging and the inability to discharge at
high rates have limited the deployment of iron-based aqueous batteries. We report here new chemical formulations of the rechargeable
iron battery electrode to achieve a ten-fold reduction in the hydrogen evolution rate, an unprecedented charging efficiency of 96%,
a high specific capacity of 0.3 Ah/g, and a twenty-fold increase in discharge rate capability. We show that modifying high-purity
carbonyl iron by in situ electro-deposition of bismuth leads to substantial inhibition of the kinetics of the hydrogen evolution reaction.
The in situ formation of conductive iron sulfides mitigates the passivation by iron hydroxide thereby allowing high discharge rates
and high specific capacity to be simultaneously achieved. These major performance improvements are crucial to advancing the
prospect of a sustainable large-scale energy storage solution based on aqueous iron-based rechargeable batteries.
© 2012 The Electrochemical Society. [DOI: 10.1149/2.034208jes] All rights reserved.
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Large-scale electrical energy storage systems are needed to ac-
commodate the intrinsic variability of energy supply from solar and
wind resources.1,2 Such energy storage systems will store the excess
energy during periods of electricity production, and release the energy
during periods of electricity demand. Viable energy storage systems
will have to meet the following requirements: (i) low installed-cost
of <$100/kWh, (ii) long operating life of over 5000 cycles, (iii) high
round-trip energy efficiency of over 80%, and (iv) ease of scalability
to megawatt-hour level systems.2 Rechargeable batteries are particu-
larly suitable for such large-scale storage of electrical energy because
of their high round-trip efficiency and scalability. Among the types
of rechargeable batteries under consideration are vanadium-redox,
sodium-sulfur, zinc-bromine, zinc-air and lithium-ion batteries.3,4 In
addressing the challenges of durability, cost, and large-scale imple-
mentation of the foregoing types of batteries, the beneficial features of
iron-based alkaline batteries for large-scale energy storage have been
largely overlooked. Nickel-Iron batteries have been used in various
stationary and mobile applications for over 70 years in the USA and
Europe until the 1980s when the iron-based batteries were largely
supplanted by sealed lead-acid batteries. Iron-air batteries because of
their high specific energy underwent active development for electric
vehicles and military applications in the 1970s after the “oil shock”
but major research in this area was abruptly discontinued after 1984.
Except for some seminal research in India by Shukla et al. during the
period 1986–1992, iron electrodes have not received any significant
attention.5–7 We emphasize in a recent article that despite being less
conspicuous in common applications, iron-based alkaline batteries
such as “iron-air” and “nickel-iron” batteries have unique character-
istics that make them very attractive and highly suitable for meeting
the emerging need of grid-scale electrical energy storage systems.8,9

The electrochemistry of the iron electrode in alkaline batteries
involves the redox process involving iron (II) hydroxide and elemental
iron:

Fe(OH)2 + 2e− � Fe + 2OH− E◦ = −0.877 V [1]

The forward reaction occurs during charging of the electrode and
the reverse reaction occurs during discharge.

Iron, the primary raw material for iron-based battery systems, is
globally abundant, relatively inexpensive, easily-recycled, and eco-
friendly. Also, the iron electrode is well-known for being robust over
repeated cycles of charge and discharge. Stable performance over
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3000 charge and discharge cycles has been reported in nickel-iron
batteries.10–13 Such robustness is extraordinary as most rechargeable
battery electrodes degrade within 1000 cycles. The robustness of the
iron electrode is attributed to the low solubility of the hydroxides of
iron in alkaline media. The principal limitation of the iron electrode
is its low charging-efficiency that is in the range of 55–70%.13–16 This
limitation arises from the wasteful hydrogen evolution that occurs
during charging according to the following reaction.

2H2O + 2e− � H2 + 2OH− E◦ = −0.828 V [2]

The hydrogen evolution reaction occurs because the electrode po-
tential for this reaction is positive to that of the iron electrode reaction
(Equation 1). Consequently, batteries will have to be overcharged by
60–100% to achieve full capacity. The hydrogen evolution that occurs
during charging is undesirable because it lowers the round-trip en-
ergy efficiency and results in loss of water from the electrolyte. Thus,
suppressing hydrogen evolution at the iron electrode has far-reaching
benefits of raising the overall energy efficiency, lowering the cost,
and increasing the ease of implementation of iron-based batteries in
large-scale energy storage systems. However, suppressing hydrogen
evolution and achieving an iron electrode with a charging-efficiency
close to 100%, without interfering with the other performance features
of the electrode, has been a formidable challenge for many years.

Another limitation of commercially available iron batteries is their
inability to be discharged at high rates; when discharged in less than
five hours (also termed the five-hour rate) the capacity realized is
very small. Grid-scale electrical energy storage requires that the bat-
tery be capable of being charged and discharged in one to two hours.
The discharge rate capability of the iron electrode can be improved if
the passivation by the electrically non-conductive iron (II) hydroxide,
(the discharge product) can be mitigated (Equation 1). Shukla et al.
have demonstrated the beneficial role of various additives on mitigat-
ing passivation.17,18 However, achieving high rate capability and high
efficiency simultaneously continues to be a challenge.

For the first time, we demonstrate a stable high-performance iron
electrode in which we achieve a ten-fold decrease in hydrogen evo-
lution rate without interfering with the kinetics of the iron electrode
reaction. With this level of suppression of hydrogen evolution, the
charging efficiency has reached an unprecedented value of 96%. We
also report a specific charge storage capacity of 0.3 Ampere-hour g−1

and this is among the highest values reported for iron electrodes with-
out any overcharge.19 Furthermore, this new iron electrode can also
be charged and discharged rapidly, meeting yet another important
requirement for large-scale energy storage. This new generation of
high-performance electrodes overcomes the long-standing drawbacks
and finally enables iron-air and nickel-iron technologies to become
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the basis of inexpensive, efficient and robust energy storage systems
for grid-scale applications. We are applying this type of iron electrode
in our efforts to realize an “iron-air” battery capable of 5000 cycles
with a round-trip energy efficiency of 80% and costing less than US
$100 per kilo Watt-hour.

The advanced iron electrode reported here results from a unique
combination of iron materials and additives selected based on their
ability to inhibit the hydrogen evolution reaction and enhance dis-
charge rate capability. The rechargeable iron electrodes in commercial
nickel-iron batteries are prepared from purified magnetite ore (Fe3O4)
or by the chemical reduction of ferric oxide or other precursors.5,13,17 In
our research, the electrodes were prepared from high-purity “carbonyl
iron powder.” “Carbonyl iron powder” consists of spherical iron par-
ticles (3–5 micron diameter) produced by the decomposition of iron
pentacarbonyl. This material was post-treated in hydrogen at 300◦C
to remove any residual oxygen and carbon. Upon such heat-treatment
the unique “onion” structure of carbonyl iron is erased and the mi-
crostructure becomes homogeneous. Carbonyl iron powder, consisting
of α-iron, is one of the purest forms of iron available commercially.
We have confirmed here that using such high-purity iron material is an
important aspect of electrode formulation for inhibiting the hydrogen
evolution reaction and achieving high charging efficiency. To further
improve the charging efficiency and achieve near complete suppres-
sion of hydrogen evolution, we recognized the need to incorporate
minute amounts of other materials that can remain on the surface of
carbonyl iron and inhibit the kinetics of hydrogen evolution. There-
fore, in these carbonyl iron electrodes, we also incorporate elemental
bismuth by in situ electro-reduction of bismuth sulfide that effectively
suppresses hydrogen evolution and also improves the discharge rate
and utilization of the active materials. Bismuth is ideally suited for
this application because it is non-toxic and does not compromise the
eco-friendliness of the iron materials.

The manufacturing cost consideration is very important for meet-
ing the challenging cost goals for large-scale energy storage as envi-
sioned by the U. S. Department of Energy -ARPA-E. Consequently,
we have focused on a low-cost approach to preparing electrodes. We
have prepared “pressed-plate” type electrodes by combining the iron
active material with a polyethylene binder material followed by the
application of heat (Figure 1). Such electrodes are inexpensive to fab-
ricate. Alternate methods of electrode fabrication such as sintering,
which use high temperature treatment in an inert gas atmosphere, en-
tail much higher costs and are therefore less attractive compared to
the “pressed-plate” type electrodes reported here.20,21

Experimental

The electrodes typically consisted of 81 w/w% carbonyl iron (SM
grade BASF), 10 w/w% potassium carbonate and 9 w/w% polyethy-
lene binder (MIPELON, Mitsui Chem USA). In yet another formu-
lation, 5% of the carbonyl iron was substituted with bismuth sulfide
(Aldrich). The powder mixture was spread on a degreased nickel
grid and pressed at a temperature of 140◦C and a pressure of 5 kg
cm−2. The amount of iron in these electrodes corresponded to a cal-
culated (theoretical) capacity of about 2 Ampere-hours. Commercial
iron electrodes were obtained from nickel-iron batteries manufactured
by Sichuan Changong Battery Co., and these electrodes consisted of
magnetite and graphite, largely. The exact composition of these elec-
trodes is not available.

The iron electrodes were tested in a three - electrode cell. A
nickel oxide battery electrode of the sintered type was used as the
counter electrode (Figure 2). A solution of potassium hydroxide (30
w/v%), similar to that used in iron-based rechargeable batteries, was
used as the electrolyte. All potentials were measured against a mer-
cury/mercuric oxide (MMO) reference electrode (EMMO

o = +0.098
V vs. the normal hydrogen electrode).

The charging efficiency, discharge rate capability, and the response
to repeated charge/discharge cycling were measured with a 16-channel
battery cycling system (MACCOR- 4200). The steady-state polariza-

Figure 1. Electrode design (a) pressed-plate electrodes constructed from car-
bonyl iron powder (b) morphology of carbonyl iron powder in the electrode.

tion studies were conducted with a potentiostat/galvanostat (VMC-4,
PAR Ametek).

The charging-efficiency was calculated as per the following:

Charging Efficiency (%) = {(Qcharging − QH2)/Qcharging}× 100 [3]

where Qcharging is the total charge and QH2 is the charge used up in
hydrogen evolution.

The hydrogen evolution current, IH2 at the charging potential E
was calculated using the Tafel relationship,

Log10(IH2/Io) =
(

E − Eo
H

)
/b [4]

where Io, and b, are the exchange current and Tafel slope, re-
spectively, determined from steady-state galvanostatic polarization

Figure 2. Test cell configuration showing iron working electrode, reference
electrode and nickel oxide counter electrodes-2 Ah, electrolyte was 30% potas-
sium hydroxide.
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Figure 3. Typical charge and discharge voltage profiles for carbonyl iron
electrodes with and without bismuth sulfide additive. Charge rate: C/2 am-
peres (0.18 A for Carbonyl iron, 0.32 A for carbonyl iron + bismuth sulfide)
discharge rate: C/20 (0.018 A for carbonyl iron and 0.032 amperes for carbonyl
iron + bismuth sulfide) and temperature, 20–25◦C.

measurements. EH
o is the standard potential for the hydrogen evolu-

tion reaction.
Specific capacity values for the carbonyl iron electrodes were cal-

culated based on the carbonyl iron content, while for the commercial
electrodes they were calculated based on the total mass of the material
contained in the electrodes.

Results and Discussion

Charging-efficiency.— The primary electrochemical process oc-
curring during the charging of an iron electrode is the reduction of
iron (II) hydroxide to iron (Eq. 1). However, hydrogen evolution
(Eq. 2) also occurs simultaneously with the charging process. The
diversion of part of the charging current toward the production of
hydrogen results in low charging efficiencies.

Prior to measuring the charging efficiency, the pressed iron elec-
trodes were charged and discharged about 30-40 times during which
the discharge capacity increased to a stable value. The process of
attaining a stable discharge capacity, termed “formation,” has been
recognized previously for iron electrodes.5,17 We have found that at
the end of formation, the electrodes show a lower hydrogen evolution
rate compared to the beginning of formation, a result that has not been
reported for commercial electrodes. The formation process involves
the repeated conversion of iron to iron (II) hydroxide followed by
re-deposition as iron. This process could be expected to purify the
carbonyl iron electrode further by the removal of any soluble im-
purities. All charging efficiency measurements were thus performed
on such “formed” electrodes. The iron electrodes were charged to
their rated capacity at C/2 rate and discharged to a cut off voltage of
−0.7V vs. MMO at C/20 rate (C is the rated capacity of the elec-
trode in Ampere-hours after formation, and C/n is the discharge cur-
rent in Amperes). The voltage profiles during charge and discharge
(Figure 3) show that the charge input is almost completely recovered
during discharge.

Specifically, the charging efficiency (Eq. 3) of the carbonyl iron
electrode was found to be 90 ± 1%. The electrodes formulated with
carbonyl iron and bismuth sulfide showed an even higher charge ef-
ficiency of 96 ±1% (Figure 4a). This high value of charge efficiency
for the carbonyl iron electrode with bismuth sulfide represents a ten-
fold decrease in the amount of hydrogen evolved during charging
(Figure 4b).6,7,13–15,22 Repeated cycling of these electrodes did not
show any decline of this high value of charging efficiency (Figure 5).

The increase in charging efficiency found with the high-purity car-
bonyl iron electrode is attributed to the high overpotential for hydro-
gen evolution on carbonyl iron. Of the various iron electrode materials
that were tested, the ones made from carbonyl iron have the highest
overpotential for hydrogen evolution reaction (Figure 6).
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Figure 4. Electrochemical performance characteristics of iron electrodes:
(a) charging efficiency at C/2 rate for three types of electrode compositions,
(b) relative rates of hydrogen evolution of various electrodes when charged at
C/2 rate.

Carbonyl iron does not contain the common impurities such as
manganese, sulfur and phosphorus that are present in the reduced ox-
ides. In general, these impurities decrease the hydrogen overpotential
and facilitate hydrogen evolution by increasing the ease of forma-
tion of adsorbed hydrogen species on the surface of iron.23 While the
importance of purity of the iron materials has been emphasized in
previous research, such high values of charging efficiency of >90%
have not been reported in the literature.20

A further decrease in the rate of hydrogen evolution has been
achieved by the addition of bismuth sulfide to the carbonyl iron

Figure 5. Charging efficiency as a function of cycling at C/2 rate of charge
and C/20 rate of discharge. The band refers to the charging efficiency of state-
of-art commercial electrodes from nickel-iron batteries (Sichuan Changhong
Battery Co., Ltd., Sichuan, China) and data presented in References 14 and 15.
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Figure 6. Hydrogen overpotential of various iron electrode materials during
charging at C*/10 rate, where C* is the theoretical capacity based on the mass
of the electrode material.

material. Bismuth sulfide is an electrically conducting solid, insoluble
in the potassium hydroxide electrolyte. During charging, the bismuth
sulfide is transformed into elemental bismuth (Eq. 5).

Bi2S3 + 6e− � 2Bi + 3S2− E0 = −0.818V [5]

The electrode potential for the reduction of bismuth sulfide to bis-
muth is more positive than that of the iron electrode reaction (Eq. 1)
and thus the charging process conducted at −1 V (vs NHE) facili-
tates the formation of elemental bismuth.24 The presence of elemental
bismuth in the charged electrodes was confirmed by X-ray powder
diffraction (XRD) studies (Figure 7).

It is the presence of elemental bismuth that increases the overpo-
tential for hydrogen evolution on carbonyl iron (Figure 6). The high
hydrogen overpotential on bismuth is due to the unfavorable energetics
for the electro-sorption of surface-bonded hydrogen intermediates.25

The kinetic parameters (exchange current and Tafel Slope) for
the hydrogen evolution reaction on various iron electrodes were
measured in the fully charged state where the only reaction result-
ing from the charging current is the hydrogen evolution reaction
(Figure 8).

The exchange current, a measure of the kinetics of the hydro-
gen evolution process, is ten times lower for the bismuth-containing
electrodes (Table I). Using the exchange current and Tafel slopes,
we calculated (using Eq. 4) the current and electric charge diverted

Figure 7. X-ray Diffractogram for a charged iron electrode prepared from
carbonyl iron electrode and bismuth sulfide. Powder Diffraction Files: Fe (00-
006-0696), Fe(OH)2 (00-013-0089), Fe3O4 (00-071-6766), Bi (00-044-1246),
Fe3S4 (01-089-1998), FeS (01-076-0964). Measurement was performed on a
Rigaku Ultima IV (Cu Kα) X- Ray Diffractometer.

Figure 8. Cathodic Tafel polarization plots for fully-charged iron electrodes
of various compositions. Parameters of the Tafel Equation are also shown.

to hydrogen evolution at any stage in the charging process. These
calculations (Table I) confirm that the observed increased charging
efficiency (Figures 4, 6) is due to the inhibition of the kinetics of
hydrogen evolution by the in situ electrodeposition of elemental bis-
muth. The high overpotential for hydrogen evolution on bismuth is a
property also exhibited by elemental forms of cadmium, lead, indium
and mercury.17,18,25,26 However, the latter elements are all highly toxic
compared to bismuth and hence we considered them unsuitable for
the large-scale energy storage applications.

The observation of bismuth as a separate phase even at a low frac-
tion of 5% is consistent with the insolubility of bismuth in iron as
predicted by the Hume-Rothery rules.27 This insolubility combined
with the low surface energies of bismuth makes the re-distribution
of bismuth into the iron matrix highly unfavorable.28 Consequently,
the bismuth can be expected to remain on the surface of iron as
nano-crystals or “ad-atoms” suppressing hydrogen evolution during
charging. The bismuth present on the iron electrode does not undergo
oxidation during the discharge process because the necessary elec-
trode potential for electro-oxidation is not reached. In the event of
over-discharge of the iron electrode, the bismuth will be oxidized to
insoluble bismuth oxide. This bismuth oxide will be readily reduced
to the elemental bismuth during the subsequent charge cycle.29 These
characteristics of the bismuth deposits are consistent with the stable
charging efficiency values observed in repeated cycles of charge and
discharge (Figure 5).

Discharge Rate Capability.— To meet the demands of large-scale
energy storage, the batteries must be capable of being completely
charged and discharged in one to two hours. The performance at
different discharge rates is described by the term “rate-capability.”
The higher the rate-capability the smaller the battery required for a
particular amount of stored energy. For many of the redox-flow type
batteries, charging and discharging at high rates results in significant
loss of efficiency.30 With the new carbonyl iron electrode containing
bismuth sulfide, high discharge rate capability is achieved along with
the improved charge efficiency. At a two-hour rate of discharge, with
the addition of bismuth sulfide we observe a twenty-fold increase
in capacity compared to the commercial electrode and a fifty-fold
increase compared to the plain carbonyl iron electrode (Figure 9). We
also note that the specific mass loading of the commercial electrodes
is approximately 8 times higher than that of the carbonyl electrodes.
This higher loading could also contribute to the lower rate capability
of the commercial electrodes.

The specific discharge capacity of the electrode with bismuth sul-
fide even at a one-hour discharge rate corresponds to about 60% of
the maximum discharge capacity of the electrode. The commercial
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Table I. Kinetic parameters for hydrogen evolution on various iron electrodes. Charging efficiencies calculated based on Eq. 3. Exchange current
was normalized for discharge capacity at twenty-hour rate.

Exchange current, Discharge Capacity, Exchange current Tafel Slope, Calculated Measured
Electrode (Amperes) (A hr) (A / A hr) (Volt/decade of current) Efficiency (%) Efficiency (%)

Carbonyl Iron 6.46 × 10−3 0.36 1.80 × 10−2 0.227 71 89
Carbonyl Iron + bismuth sulfide 1.17 × 10−3 0.64 1.82 × 10−3 0.140 84 96
Commercial Electrode 5.86 × 10−2 9.59 6.11 × 10−3 0.224 60 55–70

electrode yields almost no capacity at these high discharge rates. We
attribute the excellent discharge rate capability of the electrodes for-
mulated with bismuth sulfide to the in situ formation of iron sulfides.
In the XRD measurements on cycled electrodes that incorporated bis-
muth sulfide, we were able to detect iron sulfide phases corresponding
to FeS and Fe3S4 (Figure 7). We may infer that sulfide ions (from re-
duction of bismuth sulfide (Eq. 5)) reacted with the iron (II) hydroxide
to form iron (II) sulfide (Eq. 6).

S2− + Fe(OH)2 � FeS + 2OH− [6]

The iron (II) sulfide can react with sulfide ions to form various
mixed-valence iron sulfides that are electronically conductive like iron
(II) sulfide. The in situ incorporation of such electronically conductive
iron sulfides will counter the passivation caused by the discharge
product, iron (II) hydroxide, an electronic insulator.17

Thus, the iron sulfide compounds maintain the electronic con-
ductivity at the interface allowing the discharge reaction to be sus-
tained at high rates. This is supported by previous work on the bene-
ficial effect of sulfide additives.5,6,17,31,32 The high charging-efficiency
of 96% combined with a high level of utilization of 0.3 Ah g−1

and fast discharge capability for the iron electrode achieved in this
work allows us to develop a very inexpensive and efficient iron
electrode.

An iron battery that stores 1 kWh of energy will require approx-
imately 3 kg of iron powder at the specific capacity of 0.3 Ah/g. At
the cost of $1/kg (for high-purity iron in commercial quantities), the
estimated cost of materials for the iron electrode is $3 /kWh. Thus,
the cost of the iron electrode can be as low as 3% of the cost target
for large-scale energy storage. Such a low contribution to the cost
from iron allows for generous cost allocations for other components
such as the positive electrode, stacks and systems to meet the target
of $100/kWh for grid-scale electrical energy storage.

Figure 9. Discharge capacity of iron electrodes as function of the normalized
discharge rate. Normalized discharge rate expressed as 1/n times the nominal
capacity in Ampere-hours, where n is the number of hours of discharge (for
e.g., 1/n = 0.5 corresponds to discharge in two hours of the entire capacity).

Conclusions

In this work, we have shown a high-performance rechargeable iron
electrode formulated with carbonyl iron and bismuth sulfide that is far
superior in characteristics compared to a commercially available iron
electrode. We achieve a ten - fold reduction in hydrogen evolution
rate, a high charging-efficiency of 96%, a high discharge capacity
of 0.3 Ah g−1, and also a twenty-fold increase in capacity for the
two-hour discharge rate. The high level of purity of carbonyl iron
combined with the in situ produced bismuth electro-deposits suppress
the wasteful evolution of hydrogen, while the in situ formation of
mixed-valent conductive iron sulfides facilitates high discharge rates.
The efficiency and discharge performance were stable with repeated
cycling. We have also shown that a viable “pressed-plate” type battery
electrode can be inexpensively fabricated using this new formulation
of active materials. These high-performance electrodes have broken
the once-formidable barrier of low charging efficiencies and unneeded
hydrogen evolution in iron-based aqueous alkaline batteries. Thus,
both iron-air and nickel iron batteries can now become the basis for
low-cost, durable, and efficient large-scale electrical energy storage
systems.
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