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GRAPHITE-GRAFTED ALKALINE IRON ELECTRODE

Field of invention

[001] The present invention relates to an alkaline iron electrode more particularly to a
graphite-grafted alkaline iron electrode that renders a substantial amount of metallic iron
(o-Fe) with an improved electrochemically active surface area and with substantially
reduced oxide content (Fe;O4) of iron. The present invention also relates to a method of

preparing a graphite-grafted alkaline iron electrode.
Background of the invention

[002] Iron is fourth most abundant element on the earth. It is cost effective, has large
theoretical specific capacity and is non-toxic. Accordingly, there is an increased interest in
developing iron-based accumulators. Iron-based accumulators are both mechanically and
electrically rugged. Besides, iron electrodes are environmentally benign unlike other
battery electrode materials such as cadmium, lead, nickel and zinc.

[003] The charge-discharge reactions of an alkaline iron electrode are given below.
During the first charge-discharge step Fe (II) is reduced to Fe and vice versa as shown in

reaction (1).
Fe+20H & Fe (OH); +2e” °=-0.88Vvs.SHE (1)

[004] The theoretical specific discharge capacity for the first step happens to be961
mAbh/g. This step is followed by oxidation of Fe(Il) to Fe(III) as depicted in reaction (2).

Fe (OH)+ OH S Fe OOH+H,0+e”  E°=-0.56V vs. SHE (2)

[005] In reactions (1) and (2), E° is the standard reduction potential for the respective
reactions and SHE stands for the standard hydrogen electrode. The open-circuit potential
of a charged alkaline iron electrode (E° = - 0.88 V vs. SHE) is always more negative than
the hydrogen evolution reaction in the same solution. Consequently, iron is
thermodynamically unstable and suffers corrosion through concomitant evolution of

hydrogen according to the reaction (3).
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2H,0 +2¢' S Hy +20H °=-0.83 Vvs. SHE (3)

[006] Dissolved oxygen in alkaline solution could also lead to the folloWing reduction

reaction during the corrosion of the iron electrode as depicted by reaction (4).
0, +2H,0+4e > 40H E°=0.41Vvs.SHE (4)

[007] As a result of these reactions, alkaline iron electrodes undergo a self-discharge of
about 1-2% of their nominal capacity per day at 25°C. Hydrogen evolution also occurs
while charging the alkaline iron electrodes and brings about a decrease in the charge
acceptance. The degree of utilization of an alkaline iron electrode, based on reaction (1),
varies from about 30% for electrodes of commercially pure iron to 60% for those made
from high-purity iron. The faradaic efﬁéiency of the iron electrode is reportedly increased
by addition of bismuth sulphide (Bi2S3) that increases the hydrogen overpotential and
hence the charge acceptance of the iron electrode.

[008] US2011/0236747A1 discloses an iron active material derived from ferrous oxalate
dihydrate precursor to yield 15 w/w % a-Fe and 85 w/w % Fe;0, with a specific discharge
capacity of about 220 mAh/g at the current density of 40 mA/g. The low specific discharge
capacity of the iron electrode is apparently due to the lower content of o-Fe.

[009] PCT/US2012/042750 discloses an iron electrode derived from carbonyl iron
powder with specific discharge capacity of about 300 mAh/g, at about C/10 rate.

[010] US4250236 discloses an iron electrode derived from carbonyl iron powder with
zinc sulphidé additive that exhibits a specific discharge capacity of 370 mAh/g.

[011] A publication titled, “Self-Assembled Monolayers of n-Alkanethiols ‘suppress
Hydrogen Evolution and Increase the Efficiency of Rechargeable Iron Battery Electrodes”,
by Souradip Malkhandi et al, in Journal of American Chemical Society 2013, 135,
347-353, discloses the effect of n-Alkanethiols in suppressing hydrogen evolution on Iron
electrode and reports a specific discharge capacity of 300 mAh/g.

[012] A publication titled “Understanding the Factors Affecting the Formation of
Carbonyl Iron Electrodes in Rechargeable Alkaline Iron Batteries”, by Aswin K. Manohar
et al, in the Journal of The Electrochemical Society 159 (12) A2148-A2155 (2012),
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- discloses the effect of wetting agent, pore former and sulphide additives on the formation
of carbonyl iron electrodes.

[013] A publication titled, “An ultrafast nickel-iron battery from strongly coupled
inorganic nanoparticle/nanocarbon hybrid materials”, by Hailiang Wang et al., in Nature
Communications 3:917 doi: 10.1038/ncomms1921 (2012), discloses the ultra-fast Ni-Fe
battery with FeOx nanoparticles grown on reduced graphene oxide and Ni(OH),
nanoplates grown on oxidized MWNT (Multi Wall Carbon Nanotubes) that exhibit a
specific discharge capacity of 102 mAh/g at 37 A/g.

[014] The effect of various polymeric binders on the electrochemical performance and
stability of the iron electrode are disclosed in a publication titled, “Effect of binder
materials on cycling performance of Fe,O; electrodes in alkaline solution”, by Hiroki
Kitamura et al., in the Journal of Power Sources 208 (2012) 391-396.

[015] ' In a publication titled “The role of FeS and (NH4)2CO3 additives on the pressed
type Fe electrode”, by Caldas et al., in the Journal of Power Sources 74(1998) 108-112,
discloses the effect of sulphide additive and pore forming agent on the performance of the
iron electrode. |

[016] A publication titled, “Formation mechanism of porous alkaline iron electrodes”, by
K. Vijayamohanan er al., in Journal of power sources 32 (1990) 329-339 discloses iron
electrodes with specific discharge capacities of about 300 mAh/g that have employed
ferrous oxalate dihydrate as the precursor for the active material and FeS as faradaic
efficiency agent.

[017]) Therefore, there is a need to provide an alkaline iron electrode having a substantial
amount of metallic iron and a reduced amount of corresponding oxide content of iron.
There is also a need to provide an alkaline iron electrode that can effectively impart an
increased specific discharge capacity, a reduced hydrogen evolution and increased charge-

discharge cycles.
Objects of the present invention

[018] The primary object of the present invention is to provide a graphite-grafted alkaline

iron electrode for an accumulator incorporating a substantial amount of metallic iron with
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an improved electrochemically active surface area and with a subétantially reduced amount
of corresponding oxide content of iron. ‘

[019] An object of the present invention is to provide a graphite-grafted alkaline iron
electrode for an accumulator having a graphitic carbon coated material with an optimum
porosity. _

[020] It is also an object of the present invention to provide a graphite-grafted alkaline
iron electrode for an accumulator in which a parasitic reaction resulting in hydrogen
evolution is mitigated.

[021] Another object of the present invention is to provide a graphite-grafted alkaline
iron electrode for an accumulator with an increased specific discharge capacity.

[022] Still another object of the present invention is to provide a graphite-grafted alkaline
iron electrode for an accumulator that imparts increased number charge-diécharge cycles.
[023] Itis also an object of the present invention to provide a method for the preparation
of alkaline iron electrode for an accumulator, in which graphite is grafted in situ into the
active material (a mixture of a-Fe and Fe;O4), while decomposing a metal oxalate
precursor, in the presence of an organic carbon source. |

[024] These and the other objects and the appurtenant advantages of the embodiments
herein will be understood easily by studying the following specification with the

accompanying drawings.
Summary of the invention

[025] The present invention provides a graphite-grafted alkaline iroh electrode for an
accumulator having an increased amount of metallic iron (a-Fe) concomitant to
substantially reduced amount of oxide of iron (Fe3;O4). The active material in the iron
electrode is grafted with graphite through an organic carbon source, preferably polyvinyl
alcohol. The iron electrode also includes an additive to inhibit hydrogen evolution, a
conductive carbon having a high surface-area-to-volume ratio and a metal salt. The active
material in the alkaline iron electrode of the present invention is provided with a graphitic
carbon coated particles that imparts an increased specific discharge capacity along with a
faradaic efficiency of about 80%. The present invention also provides a method to prepare

graphite-grafted alkaline iron electrode for an accumulator in which graphite is grafted in
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situ into the active material, while decomposing a metal oxalate precursor along with an

organic carbon source.
Brief description of the drawings

[026] FIG.la, FIG.1b and FIG.1c are powder X-ray diffractograms for pristine active
material obtained by decomposing ferrous oxalate dihydrate (a-FeC,04.2H,0) (1a) and for
graphite-grafted active materials (GGAM-10 and GGAM-20) obtained by decomposing a-
FeC,04.2H,0-10 w/w % Polyvinyl alcohol (PVA) composite (1b) and a-FeC,04.2H,0-20
w/w % Polyvinyl alcohol (PVA) composite (1c)(International Centre for Diffraction
Data (ICDD) number for a-Fe and Fe;O4 are 00-006-0696 and 00-019-0629, respectively).
[027] FIG.2 shows galvanostatic charge and discharge data for alkaline iron electrode
made from pristine active material and graphite-grafted active material (GGAM-10) at
charge and discharge current density of 100mA/g.

[028] FIG.3 shows the first derivative of charging potential (V) with respect to charge
capacity (Q) as a function of charge capacity (Q) for iron electrode derived from pristine
active material and graphite-grafted active material (GGAM-10) of the present invention.
[029] FIG.4 shows the Nyquist plots obtained for iron electrodes made from pristine
active material and graphite-grafted active material (GGAM-10) of thé present invention.
[030] FIG.5 is the powder X-ray diffraction pattern for graphitic carbon extracted from
graphite-grafted active material (GGAM-10) after reacting with 5 M HCI.

[031] FIGs.6a, FIG.6b and FIG.6¢c are Raman spectra for pristine active material,
graphite-grafted active material (GGAM-10) and for graphitic carbon extracted from
graphite-grafted active material (GGAM-10), respectively.

[032] FIG.7 shows the data for the specific discharge capacity of iron electrode made
from graphite-grafted active material with varying PVA content in the precursdr cofnposite
(in w/w %). ‘ |

[033] FIG.8 shows the data for the specific discharge capaéity of iron electrode made
from pristine active material without Bi,;S;, pristine active material with Bi,S; and

graphite-grafted active material (GGAM-10) of the present invention with Bi,Ss.
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[034] FIG.9a and FIG.9b are powder X-ray diffraction patterns for Bi,S; additive and
elemental Bi formed electrochemically by the reduction of Bi,S3 (International Centre for
Diffraction Data (ICDD) number for Bi,S3: 00-017-0320 and for Bi: 00-044-1246).

[035] FIG.10a shows the data for the specific discharge capacity of iron electrode made
from graphite-grafted active material (GGAM-10) at varying discharge rates.

[036] FIG.10b depicts the bench test results of the iron electrodes made from graphite-
grafted active material (GGAM-10) of the present invention.

[037] FIG.11 shows the data for the specific discharge capacity for iron electrode made
from graphite-grafted active material (GGAM-10) at varying temperatures.

[038] FIG.12a and FIG.12b are Field Emission Scanning Electron Microscopic
(FESEM) images for pristine active material and graphite-grafted active material (GGAM-
10) of the present invention. '

[039] FIG.13 shows FESEM images for Bi>S; additive used in the iron electrode.

[040] FIG.14 is a flow chart depicting process steps for the preparation of a-
FeC,04.2H,0 (precursor for pristine and graphite-grafted active material).

[041] FIG.15 is a flow chart depicting process steps for the preparation of pristine active
material.

[042] FIG.16 is a flow chart depicting process steps for the preparation of graphite-
grafted active material.

[043] FI1G.17 is a flow chart depicting process steps for the preparation of Iron electrode

with graphite-grafted active material of the present invention.
Detailed description of the invention

[044] The following is a detailed description of graphite-grafted alkaline iron electrode
for an accumulator according to the present invention.

[045] The invention is characterized by a graphite-grafted alkaline iron electrode for an
accumulator comprising as its principal ingredient, a substantial amount of metallic iron
with an enhanced surface area, an optimum porosity and with a substantially reduced
amount of corresponding oxide content, to impart an increased specific discharge capacity

and an improved faradaic efficiency.
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[046] The graphite-grafted alkaline iron electrode of the present invention comprises
approximately 80-95 w/w % of metallic iron (a-Fe), 5-20 w/w % of oxide content (Fe;Oy).
The graphite-grafted active material is provided with an enhanced surface area in the range
of 10-15 m%/g.

[047] In an aspect of the present invention the graphite-grafted active material of the
graphite-grafted alkaline iron electrode of ;che present invention is provided with a desired
porous structure, having mean pore-diameter in the range of 8-15 nm.

[048]  The graphite-grafted alkaline iron electrode of the present invention includes
graphitic carbon in the range of about 2-3 w/w %. The graphitic carbon is formed from the
organic carbon source, selected from polyvinyl alcohol, resorcinol-formaldehyde resin,
sucrose and starch. In the present invention, as a preferred embodiment polyvinyl alcohol
is used as an organic carbon source for the graphite-grafted alkaline iron electrode.
Polyvinyl alcohol (PVA) acts not only as a reducing agent but also as a graphitic carbon
source. The incorporation of the graphitic carbon derived from the selected orgarﬁc carbon
source imparts a r¢duction in internal resistance of the material by imparting electronically-
wired architecture.

[049] In another aspect of the present invention, the electrode exhibits improved
conductivity with increased charge acceptance, due to the incorporation of graphitic carbon
derived from the organic carbon source such as polyvinyl alcohol along with the precursor.
[050] In another aspect of the present invention, a conductive carbon with high surface-
area-to-volume ratio, preferably carbon black is incorporated in desired quantities for
imparting an enhanced electrical conductivity. In this invention, advantageously,'carbon
.black is used in the range of about 10-20 w/w %.

[051] In yet another aspect of the present invention, the graphite-grafted alkaline iron
electrode of the present invention includes a faradaic efficiency agent. The faradaic
efficiency agent increases hydrogen overpotential and hence the charge acceptance of the
iron electrode. In a preférred embodiment bismuth sulphide (Bi,Ss3) is used as faradaic
efficiency agent in the range of about 1-2 w/w %. The other suitable faradaic efficiency
agents such as bismuth sulphide (Bi,S3), lead sulphide and ferrous sulphide, preferably
bismuth sulphide can also be suitably used. The faradaic efficiency agent is used to

improve coulombic efficiency and to inhibit kinetics of hydrogen evolution.
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[052] The graphite-grafted alkaline iron electrode of the present invention further
includes a metal salt such as nickel sulphate, in the range of about 1-2 w/w %.

[053] In another preferred aspect of the present invention the graphite-grafted alkaline
iron electrode further comprises at least one binder such as polytetrafluoroethylene
(PTFE), polyvinylidene fluoride (PVDF), styrene-butadiene-rubber (SBR), acfylic resin,
hydroxypropyl-methyl-cellulose‘ (HPMC), neoprene latex, polyethylené (PE), poly
tetrafluoroethylene-co-vinylidene fluoride (P(TFE-VDF)) or a mixture thereof.

[054] In yet another aspect of the present invention polytetrafluoroethylene (PTFE), as a
polymer binder, is used in the range of about 6-15 w/w%.

[0S5] The graphite-grafted alkaline iron electrode of the present invention with an
increased amount of metallic iron content exhibits specific discharge capacity of about 400
mAh/g, at current density of 100 mA/g.

[056] In yet another aspect of the present invention the specific discharge capacity for the
electrode of the present invention is about 33 % higher at the current density of 100mA/g:
as compared to the pristine active material.

[057] It is also an aspect of the present invention that the graphite-grafted alkaline iron:
electrode of the present invention displays specific discharge capacity values of about 375
mAbh/g and 320 mAh/g, even at higher discharge rates like C and 2C rate.

[058] Now specifically referring to FIG.1a, FIG.1b and FIG.l1¢, of the accompanied
drawings that depict XRD patterns for pristine active material and graph‘ite-grafted active
material (GGAM-10 and GGAM-20) of the present invention, respectively. The diffraction
lines corresponding to a-Fe and Fe;Oy4 are indicated in the XRD patterns as A for a-Fe and
* for Fe;O4. For graphite-grafted active materials, the relative intensity of the diffraction
lines corresponding to Fe3Oy4 reduces as the amount of PVA in the precursor composite
increases; when the PVA content in the precursor composite is 20 w/w %, the diffraction
pattern suggest the absence of Fe;O4. The diffraction data suggests an increase in the
relative intensity of the diffraction lines corresponding to o-Fe with increase in the amount
of PVA in the precursor composite. The folleing steps occur while preparing the
graphite-grafted active material:(i) a-FeC,04.2H,0-PVA composite to a-FeC,04-PVA
composite i.e., dihydrate to anhydrous compound, (i1) thermal decomposition of a-FeC,04

and PVA, (iii) carbonization of polymer (PVA), and (iv) reduction of Fe;0, (magnetite) to
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a-Fe (metallic iron) by carbonaceous products. Besides, about 2-3 w/w % of graphitic
carbon is obtained as a conductive coating on the surface of the iron and magnetite
particles. Accordingly, PVA acts both as a reducing agent and graphitic-carbon source.
[059] Referring to FIG.2, which is plot depicting galvanostatic charge and discharge
profiles for alkaline iron electrode with pristine active material and graphite-grafted active
material (GGAM-10) of the present invention. It is seen from FIG.2, that graphite-grafted
alkaline iron electrode of the present invention with Bi,S; additive, exhibits a specific
discharge capacity of about 400 mAh/g (at C/4 rate or 100 mA/g) with a faradaic
efﬁciency. of about 80% as compared to the specific discharge capacity of 300 mAh/g at
100 mA/g with a faradaic efficiency of about 60% obtained for pristine active material
with Bi,S; additive. In this exemplary embodiment, the current density value for both
charge and discharge processes are maintained at 100 mA/g. The charging potential
profiles for iron electrode follow an S-shaped curve with two plateaus at -1.1 V vs.
mercury/mercuric oxide (MMO) and -1.15 V vs. MMO. It can be observed here that the
hydrogen evolution is higher for the second plateau potential at -1.15 V vs. MMO
compared to the first plateau potential at -1.1 V vs. MMO since the former is about 50mV
more negative. In the case of pristine active material, the electrode potential reaches the
second plateau after accepting a charge of about 320 mAh/g, but in the case of graphite-
grafted active material, the electrode potential reaches the second plateau after accepting a
charge of about 450 mAh/g. Graphite-grafted active material of the present invention
shows an increased charge acceptance due to the presence of higher amount of metallic
iron. Besides, in the discharge potential profile, the initial potential drop is lesser for
graphite-grafted active material compared to pristine active material due to the presence of
graphitic carbon coating and an increased amount of metallic iron.

[060] In another aspect of the present invention, referring to FIG.3, the first derivative of
charging potential (V) with respect to charge capacity (Q) is plotted against charge
capacity (Q) for iron electrode derived from pristine active material and graphite-grafted
active material (GGAM-10) of the present invention. The charging potential profile of iron
electrode has an inflection region. The derivative plot clearly shows the inflection region as
peak. For pristine active material, a peak centered at nearly 270 mAh/g is observed, while a

peak at 430 mAh/g is observed for graphite-grafted active material of the present
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invention. Accordingly, there is an increase in charge acceptance for graphite-grafted
active material of the present invention, due to the increase in the amount of metallic iron
present in the material.

[061]" In a further aspect of the present invention, the Nyquist plots for iron electrode
comprising pristine active material and graphite-grafted active material (GGAM-10) of the
present invention are shown in FIG.4. The inset depicts the magnified image in the high-
frequency region. Electrochemical Impedance data for the cell are obtained at fully-
charged state at open-circuit potential in the frequency range between 100 kHz and 100
mHz with an AC amplitude of 5 mV. At -Z* = 0, the Z* value corresponds to the ohmic
resistance of the electrode material, electrolyte and current collector. The ohmic resistance
for iron electrode with graphite-grafted active material of the present invention is 32 mQ,
which is lower in relation to 41.5 mQ for pristine active material, due to the presence of
increased amount of metallic iron in the former.

[062] Now, referring to FIG.S, which is a powder XRD pattern for graphitic carbon
extracted from the graphite-grafted active material (GGAM-10) of the present invention;
by etching a-Fe and Fe;04 with M HCI. As a result, iron and magnetite go into solution
as chlorides of iron. Thereafter, about 2 w/w % of carbon is found to be present in the °
graphite-grafted active material of the present invention, which is determined by filtering
out the iron chlorides in the solution and weighing the residual carbon. Broad peaks that
are typical to graphitic carbon are observed in the XRD pattern.

[063] In another aspect of the present invention, in order to ascertain the presence of
graphitic carbon in the graphite-grafted active material, Raman spectrél analysis is
performed and the corresponding spectra are shown in FIG.6a, FI1G.6b and FIG.6¢. FIG.
6a, depicts the Raman spectrum of the pristine active material where no graphitic carbon is
present. FIG.6b depicts the Raman spectrum of the graphite-grafted active material
(GGAM-10) and the spectrum clearly reveals the presence of graphitic carbon. FIG.6¢
shows the Raman spectrum of the graphitic carbon extracted from graphite-grafted active
material (GGAM-10) by treating it with 5M HCI to remove the metallic iron and Fe;04
and the spectrum further affirms the presence of graphitic carbon. The Raman spectra
(excitation wavelength=514nm) for graphite-grafted active material (GGAM-10)(FIG. 6b)

and the metal and metal oxide etched out material (graphitic carbon) (FIG.6¢) of the
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present invention, reveal two broad bands, one at 1592 cm’! assigned to the E;; mode of
graphite, and the other centered at 1352 cm™ assigned to the disordef-induced peak
characteristic of highly defective graphite present in the material.

[064] In another aspect of the present invention, in order to determine an optimum
amount of PVA in the precursor, which is required for graphite-grafted active material, the
specific discharge capacity for graphite-grafted active material of the present invention
with vérying amounts of PVA in the precursor are determined and shown in FIG.7. It is
observed here that graphite-grafted active material with about 10 w/w % of PVA is
optimum, to deliver a specific discharge capacity of 400 mAh/g at C/4 rate.

[065] In yet another aspect of the present invention, the specific discharge capacities for
the iron electrode made from graphite-grafted active material (GGAM-10) of the present
invention along with a faradaic efficiency agent such as Bi,S; and pristine active material
with and without Bi,S; additive as a function of cycle number are shown in FIG.8. For
graphite-grafted active material of the present ‘invéntion along with Bi,S; additive, a
specific discharge capacity of about 386 mAh/g at 100 mA/g is obtained, which recedes to
a specific discharge capacity of 356 mAh/g at 100th cycle. For pristine active material with
Bi,S; additive, a specific discharge capacity of 302 mAh/g at 100 mA/g is obtained, which
recedes to a specific discharge capacity of 258 mAh/g at 100th cycle. In case of pristine
active material without Bi,S; additive, a specific discharge capacity of 145 mAh/g is
obtained for 1st cycle that subsequently recedes to about 4 mAh/g. It is therefore surmised
that faradaic efficiency agent Bi,S; improves the charge acceptance of the iron electrode
by increasing the hydrogen over potential. It appears that, for pristine active material
without Bi,S; additive, the initial specific discharge capacity of 145 mAh/g is obtained for
the first cycle due to the presence of a-Fe in the pristine active material but in the
subsequent cycle hydrogen evolution dominates preventing the conversion of oxidized iron
to metallic iron that restricts its capacity. In the case of pristine active material and
graphite-grafted active material with Bi,S; additive, elemental bismuth is formed from

Bi,S; on the surface of the electrode material following the reaction:

BiS; + 6e 5 2Bi + 38 E°=-0.82Vvs.SHE (5)

11
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[066] The above aspect is further substantiated by the powder XRD of Bi,S; additive
used in the iron electrode and the elemental Bi formed electrochemically in the iron
electrode as shown in FIG. 9. _

[067] The iron electrodes of the present invention are subjected to various rate charge and
discharge (C/10, C/5, C/2, C and 2C rate) as shown in FIG. 10a. (C/n denotes the rate at
which a full charge or discharge t‘akes:_,n hours, means C/2 rate discharge takes 2h to
complete and C rate discharge takes lh .to complete). At C/10, C/5, C/2 rate, a specific
discharge capacity of 400 mAh/g is obtained with a faradaic efficiency of about 80%. Even
at C and 2C rate, a specific discharge capacity of 376 and 322 mAh/g are obtained with a
faradaic efficiency of 75 and 64%. These iron electrodes take 10-15 charge-discharge
cycles to reach a stable specific discharge capacity, which is termed as formation cycles.
After formation cycles, these electrodes are tested at various charge-discharge rates as

shown in FIG.10b and the corresponding values are summarized in Table 1.

Table 1
Charge and Charge and Specific Faradaic
discharge discharge discharge efficiency (%)
rate current density | capacity (mAh/g)
(mA/g)

C/10 40 _ 400 80
C/5 80 410 82
cr 190 403 81

C 360 376 75
2C 620 : 322 64
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[068] In another aspect of the present invention, the discharge potential profiles for iron
electrode comprising graphite-grafted active material (GGAM-10) of the present invention,
with 10 w/w % PVA in the precursor at varying temperatures, at C/S rate, are shown in the
FIG.11.

[069] In yet another aspect of the present invention, Field Emission Scanning Electron
Microscopic (FESEM) images for the pristine active material and graphite-grafted active
material of the present invention are shown in FIG.12a and FIG.12b. FIG.12a and
FI1G.12b are the images of the active material of the present invention without and with
PVA in the precursor, exhibiting cuboidal particles of 5-10 microns.

[070] FESEM images for the Bi,S; additive used in the iron electrodes are shown in
FIG.13. '

[071] In an aspect of the present invention, the process for the preparation of graphite-
grafted alkaline iron électrode for an accumulator, comprises the steps of preparing ferrous
oxalate dihydrate (a-FeC,04.2H,0) from FeSO,4.7H,0 and oxalic acid dihydrate, which is
followed by grafting of graphite in situ, by decomposing ferrous oxalate dihydrate, at a
temperature in the range of 550-650°C in vacuum and in the presence of an effective
amount of organic carbon source. A faradaic efficiency agent and carbon black added to
the graphite-grafted active material. This material is compacted and cured in the présence’
of a binder at a temperature of about 350°C, in an inert atmvosphere, to obtain alkaline iron
electrode having a substantial amount of metallic iron and a substantially reduced amount
of oxide of iron. |

. [072] The various steps of the process for the preparation of graphite-grafted alkaline iron
electrode for an accumulator of the present invention are now described in detail, by

referring to flow-drawings as shown in FIGs. 14-17.
Preparation of a-FeC,04.2H,0 (precursor for active material)

[073] A solution of an iron source is prepared by dissolving the iron source in hot and de-
lonized water at a temperature in the range of 60-80°C, preferably at about 70°C. In the

process of the present invention, the iron source that is advantageously used is ferrous
| sulphate heptahydrate (FeSO4.7H,0). It is understood here that other iron sources such as
hydrated ferrous ammonium sulphate ((NH4)2Fe(SO4)2.6H20) and hydrated iron chloride
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(FeCl,.2H;0) can also be suitably used as precursors for the process. Thus a solution of
ferrous sulphate heptahydrate (FeSO4.7H,0) is prepared. A suitable dicarboxylic acid is
selected and a solution of the same is also prepared. A solution of dicarboxylic acid is
prepared by dissolving the selected dicarboxylic acid in de-ionized water at a temperature
in the range of 60-80°C, preferably at about 70°C. Advantageously, in the present
invention, as an exemplary embodiment, oxalic acid dihydrate (H,C;04.2H,0) is used for
preparing .the desired dicarboxylic acid solution. The other dicarboxylic acids that can
be suitably used are malonic acid, succinic acid and adipic acid. The oxalic acid dihydrate
(H,C,04.2H,0), solution thus prepared is slowly added into ferrous sulphate solution
under continuous stirring at a temperature in the range of about 60 to 70°C to precipitatea-
ferrous oxalate dihydrate (a-FeC,04.2H,0). The precipitated a-FeC,04.2H,0 is allowed
for ageing along with the supernatant liquid for about two hours, allowing the precipitate to
settle down, followed by filtration. The filtered product is dried in air oven at a temperature
in the range of 60-70°C.

Prepération of graphite-grafted active material

[074] A composite is prepared by mixing an organic carbon source, such as Polyvinyl
Alcohol (PVA) of desired molecular weight with a-Ferrous oxalate dihydrate (a-
FeC,04.2H,0). In this‘ pfocess PVA is advantageously used as the organic carbon source.
However, other organic carbon sources such as resorcinol-formaldehyde resin, sucrose and
starch can also be suitably used. The composite is initially heated to about 200°C and
maintained at that temperature for about one hour, for converting o-FeC,04.2H,0-PVA
composife to a-FeC,04-PVA composite, which is an anhydrous compound. Subsequently,
the a-FeC,04-PV A composite is heated to about 400°C and maintained at that temperature
for about one hour. Finally, the temperature is increased to about 600°C and maintained for
about two to three hours to obtain graphite-grafted active material (GGAM), which is é
mixture of graphitic carbon coated a-Fe and Fe;O4. The carbonaceous material, which gets
“ formed while decomposing PVA, reduceé Fe;04 to a-Fe (metallic iron). The graphite-
grafted active material thus obtained comprises porous cuboidal particles of a-Fe and

Fe304, where the particle size is of the material is in the range of 5-10 microns (um).
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Preparation of iron electrode

[075] A pore forming agent is prepared by adding a solution of NiSO4 to an alkali
solution, advantageously KOH solution, in order to obtain a colloidal Ni(OH), precipitate.
Then active material, carbon black and Bi,S; are added in a proportion in the range of
- 82.5:10:1 by mass into the solution. These components are mixed homogeneously and the
slurry is  obtained. To this slurry a polymeric binder, advantageously
polytetrafluoroethylene (PTFE) is added. After adding PTFE into the mixture, dough is
formed. It is spread over a degreased nickel mesh of desired dimensions and compacted |
under pressure to form compressed electrodes. The compressed electrodes are cured at a
temperature of 350°C, in an inert atmosphere such as N2 atmosphere for about 40 minutes,
to obtain the negative iron electrode.

- [076] The preferred embodiments of the subject matter of the invention are now
described in the form of the following examples, which are exemplary and non-limiting in

nature and shall not be construed as limiting the scope of the present invention.
Example 1

[077) In the first step, 109 g of ferrous sulphate heptahydrate (FeSO4.7H,0) is dissolved
in 400 mL of hot de-ionized water (about 70°C) and then 54 g of oxalic acid dihydrate
(H,C,04.2H,0) is dissolved in 400 mL of hot de-ionized water (about 70°C). In order to
avoid oxidation of ferrous ion in the solution by dissolved exygen, nitrogen gas is bubbled
for 10-15 minutes in to the de-ionized water prior to the experiments. Then oxalic acid
solution is slowly added in to ferrous sulphate solution with continuous stirring at about
70°C and the o-ferrous oxalate dihydrate (a-FeC,04.2H,0) gets precipitated. The
precipitated a-FeC,04.2H,0 is allowed for ageing along with the supernatant liquid for
about 2 h at 70°C, filtered and dried in air oven at 60-70°C.

[078] In the second step, 10 g of a-FeC,04.2H,0 is first heated up to 200°C and
maintained at that temperature for 1h for converting dihydrate to anhydrous compound.
Subsequently, the anhydrous mass is heated to 400°C and maintained at that temperature
for 1h in vacuum. Finally, the temperature is raised to 600°C and maintained for 2-3 h to

obtain pristine active material, which is a mixture of a-Fe and Fe;04.The powder XRD
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pattern and Raman spectrum of pristine active material are shown in FIG.1a and FIG.6a.
The product comprises porous cuboidal particles of about 5-10 microns as shown in the
FIG:12a.

[079] In the third step, 0.6 mL of 3.6 w/v % NiSOj4 solution is added in to 0.6 mL of 1
w/v % KOH solution, in order to obtain colloidal Ni(OH), precipitate, which act as a pore
forming agent. Then pristine active material, carbon black and Bi;S; are added in a
proportion of 82.5:10:1 by mass in to the solution. These components are mixed
homogeneously and the slurry is obtained. Then 6 w/w % polymeric binder, namely
polytetrafluoroethylene (PTFE) 60 wt. % dispersion in H,O is added. After adding PTFE
in to the mixture, dough is formed. It is spread over a degreased nickel mesh of dimension
3.1 x 3.3 cm® and compacted at 675 kg/cm®. The compressed electrodes are cured at 350°C
in N atmosphere for 40 minutes to obtain the negative Iron electrode. 1g of pristine active
material is distributed over an area of 17.4 cm? (pristine active material .loading =575
mg/cm?). Subsequently, this negative electrode is assembled with nickel oxyhydroxide:
counter electrodes on either side with mercury/mercuric oxide (MMO) as a reference
electrode (E°= 0.098 V vs. SHE) in 6 M KOH solution with 1 w/v % LiOH. Alkaline iron
electrodes are subjected to galvanostatic charging and discharging at a current-density of
100 mA/g up to - 0.8 V vs. MMO during the first step of discharge. A maximum specific.
discharge capacity of 300 mAh/g is obtained at 100 mA/g current density with a faradaic
efficiency of 60 % as shown in FIG.2. The (dV/dQ) vs. Q plot as shown in FIG.3 implies
that there is a poor charge acceptance for the pristine active material. The Nyquist plot as
shown in FIG.4 implies a higher ohmic resistance in the electrode material. The specific
discharge capacity of iron electrode made from pristine active material with and without
Bi,S; as a function of cycle number is shown in FIG.8. The XRD pattern of Bi,S; used in
the iron electrode and elemental Bi, which is electrochemically reduced from Bi,S; are
shown in FIG.9a and FIG.9b. The FESEM images of Bi,S; used in the electrodes are
shown in F1G.13.

Example 2

[080} In the first step, 109 g of ferrous sulphate heptahydrate (FeSO4.7H,0) is dissolved
in 400 mL of hot de-ionized water (about 70°C) and then 54 g of Oxalic acid dihydrate
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(H2C»04.2H,0) is dissolved in 400 mL of hot de-ionized water (about 70°C). In order to
avoid oxidation of ferrous ion in the solution by dissolved oxygen, nitrogen gas is bubbled
for 10-15 minutes into the de-ionized water prior to the experiments. Then oxalic acid
solution is slowly added in to ferrous sulphate solution with continuous stirring at about
70°C and the a-Ferrous oxalate dihydrate (a-FeC,04.2H,0) is precipitated. The
precipitated a-FeC,04.2H,0is allowed for ageing along with the supernatant liquid for
about 2 hours at 70°C, filtered and dried in air oven at 60-70°C.

[081] In the second step, 9.5 g of a-FeC,04.2H,0and 0.5 g of Polyvinyl Alcohol (PVA,
Mw = 1, 25,000) are extensively mixed and the resultant composite is first heated up to
200°C and maintained at that temperature for 1h for converting o-FeC,04.2H,O-PVA
composite to a-FeC,04-PVA composite. Subsequently, the a- FeC,04-PVA composite is
heated to 400°C and maintained at that temperature for 1h. Finally, the temperature is
raised to 600°C and maintained for 2-3 h to obtain graphite-grafted active material
(GGAM-5), which is a mixture of graphitic carbon coated o-Fe and Fe;04. The
carbonaceous material, which gets formed while decomposing PVA, reduces a part of
Fe;04 to a-Fe (metallic iron). Here the decomposition is done under vacuum. The mixture
comprises porous cuboidal particles of about 5-10 microns (um).

[082] In the third step, 0.6 mL of 3.6 w/v % NiSOy, solution is added in to 0.6 mL of 1
w/v % KOH solution, in order to obtain colloidal Ni(OH), precipitate, which act as a pore
forming agent. Then graphite-grafted active material (GGAM-5), carbon black and Bi,S;
are added in a proportion of 82.5:10:1 by mass in to the solution. These components are
mixed homogeneously and the slurry is obtained. Then 6 W/W% polymeric binder, namely
polytetrafluoroethylene (PTFE) 60 wt. % dispersion in H,O is added. After adding PTFE
in to the mixture, dough gets formed. It is spread over a degreased nickel .mesh of
dimension 3.1 x 3.3 em® and compacted at 675 kg/cm®. The compressed electrodes are
cured at 350°C in N, atmosphere for 40 minutes to obtain the negative Iron electrode. 1g of
graphite-grafted active material is distributed over an area of 17.4 cm? (graphite-grafted
active material loading = 57.5 mg/cm?). Subsequently, this negative electrode is-assembled
with nickel oxyhydroxide counter electrodes on either side with mercury/mercuric oxide -
(MMO) as a reference electrode (E°= 0.098 V vs. SHE) in 6 M KOH solution with 1 w/v

% LiOH. Alkaline iron electrodes are subjected to galvanostatic charging and discharging
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at a current density of 100 mA/g up to - 0.8 V vs. MMO during the first step of discharge.
A maximum specific discharge capacity of 354 mAbh/g is obtained at 100 mA/g current
density with a faradaic efficiency of 71 % as shown in FIG.7.

Example 3

[083] In the first step, 109 g of ferrous sulphate heptahydrate (FeSO4.7H,0) is dissolved
in 400 mL of hot de-ionized water (about 70°C) and then 54 g of oxalic acid dihydrate
(H2C,04.2H,0) is dissolved in 400 mL of hot de-ionized water (about 70°C). In order to
avoid oxidation of ferrous ion in the solution by dissolved oxygen, nitrogen gas is bubbled
for. 10-15 minutes in to the de-ionized water prior to the experiments. Then oxalic acid
solution is slowly added in to ferrous sulphate solution with continuous stirring at about
70°C and the o-ferrous oxalate dihydrate (o-FeC,04.2H,0) gets precipitated. The
precipitated a-FeC,04.2H,0 is allowed for ageing along with the supernatant liquid for
about 2 hours at 70°C, filtered and dried in air oven at 60-70°C.

[084] In the second stép, 9 g of a- FeC;04.2H,0 and 1 g of Polyvinyl Alcohol (PVA, Mw
=1, 25,000) are extensively mixed and the resultant composite is first heated up to 200°C |
and maintained at that température for 1h for converting a- FeC,04.2H,0 -PVA composite
to a- FeC,04.2H,0-PVA composite.' Subsequently, the a- FeC;04.2H,0-PVA composite is
heated to 400°C and maintained at that temperature for 1h. Fihally, the temperature is
raised to 600°C and maintained for 2-3 hours to obtain graphite-grafted active material
(GGAM-10), which is a mixture of graphitic carbon coated a-Fe and Fe;O4. The powder
XRD pattern and Raman spectrum of graphite-grafted active material (GGAM-10) are
shown in FIG.1b and FIG.6b. The carbonaceous material, which géts formed while
decomposing PVA, reduces a part of Fe;O4 to a-Fe (metallic iron). Here the decomposition
is done under vacuum. The mixture comprises porous cuboidal particles of about 5-10
microns as shown in the FIG.12b. The powder XRD pattern and Raman spectrum of
graphitic carbon extracted from graphite-grafted active material (GGAM-10) are shown in
FIG.5 and FIG.6c.

[085] In the third step, 0.6 mL of 3.6 w/v % NiSOy solution is added in to 0.6 mL of 1
w/v % KOH solution, in order to obtain colloidal Ni(OH), precipitate, which act as a pore

forming agent. Then graphite-grafted active material (GGAM-10), carbon black and Bi2S3
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are added in a proportion of 82.5:10:1 by mass in to the solution. These components are
mixed homogeneously and the slurry is obtained. Then 6 w/w % polymeric binder, namely
polytetrafluoroethylene (PTFE) 60 wt. % dispersion in H20 is added. After adding PTFE
in to the mixture, dough is formed. It is spread over a degreased nickel mesh of dimension
3.1 x 3.3 cm® and compacted at 675 kg/cm?®. The compressed electrodes are cured at 350°C
in N2 atmosphere for 40 minutes to obtain the negative Iron electrode. 1g of gfaphite-
grafted active material is distributed over an area of 17.4 cm? (graphite-grafted active
material loading = 57.5 mg/cm?). Subsequently, this negative electrode is assembled with
nickel oxyhydroxide counter electrodes on either side with mercury/mercuric oxide
(MMO) as a reference electrode (E°= 0.098 V vs. SHE) in 6 M KOH solution with 1 w/v
% -LiOH. Alkaline iron electrodes were subjected to galvanostatic charging and
discharging at a current-density of 100 mA/g up to - 0.8 V vs. MMO during the first step
of discharge. A maximum specific discharge capacity of 410 mAh/g is obtained at 100
mA/g current density with a faradaic efficiency of 82 % as shown in FIG.2 and FIG.7.The
(dv/dQ) vs. Q plot as shown in FIG.3 implies that there is an increase in charge
acceptance. The Nyquist plot as shown in FIG.4 implies a decreased ohmic resistance in
the electrode material. The specific discharge capacity of iron electrode made from
GGAM-10 as a function of cycle number is shown in FIG.8. The specific discharge
capacity of iron electrode made from GGAM-10 as a function of discharge rate is shown in
FI1G.10a and FIG.10b. The specific discharge capacity as a function of temperature is
shown in FIG. 11.

Example 4

[086] In the first step, 109 g of ferrous sulphate heptahydrate (FeSO4.7H20) is dissolved
in 400 mL of hot de-ionized water (about 70°C) and then 54 g of oxalic acid dihydrate
(H2C,04.2H,0) is dissolved in 400 mL of hot de-ionized water (about 70°C). In order to
avoid oxidation of ferrous ion in the solution by dissolved oxygen, nitrogen gas is bubbled
for 10-15 minutes in to the de-ionized water prior to the experiments. Then oxalic acid
solution is slowly added in to ferrous sulphate solution with continuous stirring at about

70°C and the a-ferrous oxalate dihydrate (a-FeC,04.2H,0) gets precipitated. The

19



WO 2016/110862 PCT/IN2015/000006

precipitated o-FeCy04.2H,0 is allowed for ageing along with the supernatant liquid for
about 2 hours at 70°C, filtered and dried in air oven at 60-70°C.

[087] In the second step, 8.5 g of a-FeC,04.2H,0 and 1.5 g of Polyvinyl Alcohol (PVA,
Mw = 1, 25,000) are extensively mixed and the resultant composite is first heated up to
200°C and maintained at that temperature for 1h for converting a-FeC,04.2H,0-PVA
composite to a-FeCy04-PVA composite. Subsequently a-FeC,04-PVA composite is heated
to 400°C and maintained at that temperature for 1h. Finally, the temperature is raised to
600°C and maintained for 2-3 hrs to obtain graphite-grafted active material (GGAM-15),
which is a mixture of graphitic carbon coated a-Fe and Fe;Q4. The carbonaceous material,
which gets formed while decomposing PVA, reduces a part of Fe;O4 to a-Fe (metallic
iron). Here the decomposition is done under vacuum. The mixture comprises porous
cuboidal particles of about 5-10 microns.

[088] In the third step, 0.6 mL of 3.6 w/v % NiSQy solution is added in to 0.6 mL of 1
w/v % KOH solution, in order to obtain colloidal Ni(OH), precipitate, which act as a pore
forming agent. Then graphite-grafted active material (GGAM-15), carbon black and Bi,S;
are added in a proportion of 82.5:10:1 by mass in to the solution. These components are
mixed homogeneously and the slurry is obtained. Then 6 w/w % polymeric binder, namely
polytetrafluoroethylene (PTFE) 60 wt. % dispersion in H,O is added. After adding PTFE
in to the mixture, dough is formed. It is spread over a degreased nigkel mesh of dimension
3.1 x 3.3 cm’ and compacted at 675 kg/cm?. The compressed electrodes are cured at 350°C
in N, atmosphere for 40 minutes to obtain the negative Iroh electrode. 1g of graphite-
grafted active material was distributed over an area of 17.4 cm?(graphite-grafted active
material loading = 57.5 mg/cmz). Subsequently, this negative electrode is assembled with
nickel oxyhydroxide counter electrodes on either side with mercury/mercuric oxide
(MMO) as a reference electrode (E°= 0.098 V vs. SHE) in 6 M KOH solution with 1 w/v
% LiOH. Alkaline iron electrodes are subjected to galvanostatic charging and discharging
at a current-density of 100 mA/g up to -0.8 V vs. MMO during the first step of discharge.
A maximum specific discharge capacity of 400mAh/g is obtained at 100 mA/g current
density with a faradaic efficiency of 80 % as shown in FIG. 7.
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Example 5

[089] In the first step, 109 g of ferrous sulphate heptahydrate (FeSO4.7H,0) is dissolved
in 400 mL of hot de-ionized water (about 70°C) and then 54 g of Oxalic acid dihydrate
(H2C,04.2H,0) is dissolved in 400 mL of hot de-ionized water (about 70°C). In order to
avoid oxidation of ferrous ion in the solution by dissolved oxygen, nitrogen gas is bubbled
for 10-15 minutes in to the de-ionized water prior to the experiments. Subsequently, oxalic
acid solution is slowly added in to ferrous sulphate solution with continuous stirring at
about 70°C and the o-ferrous oxalate dihydrate (a-FeC,04.2H,0) gets precipitated. The
precipitated 0-FeC,04.2H,0 is allowed for ageing along with the supernatant liquid for
about 2 hrs at 70°C, allowed the precipitate to settle down, filtered and dried in air oven at
60-70°C.

[090] In the second step, 8 g of a-FeC,04.2H,0 and 2 g of Polyvinyl Alcohol (PVA; Mw
=1, 25,000) are extensively mixed and the resultant composite is first heated up to 200°C
and maintained at that temperature fdr 1h for converting a-FeC,0,4.2H,0 -PVA composite
to a-FeCy04-PVA composite. Subsequently, the a-FeC,04-PVA composite is heated to
400°C and maintained at fhat temperature for 1h. Finally, the temperature is raised to
600°C and maintained for 2-3 hrs to obtain graphite-grafted active material (GGAM-20),
which is graphitic carbon coated a-Fe. The carbonaceous material, which gets formed
while decomposing PVA, reduces thé whole of Fe;04 to a-Fe (metallic iron). The powder
XRD pattern of graphite-grafted active material (GGAM-20) is shown in FIG.1¢. Here the
decomposition is done under vacuum. The mixture comprises porous cuboidal particles of
about 5-10 microns. _ ;

[091] In the third step, 0.6 mL of 3.6 w/v % NiSO, solution is added in to 0.6 mL of 1
w/v % KOH solution, in order to obtain colloidal Ni(OH), precipitate, which act as a pore
forming agent. Then graphite-grafted active material (GGAM-20), carbon black and Bi,S;
are added in a proportion of 82.5:10:1 by mass in to the solution. These components are
mixed homogeneously and the slurry is obtained. Then 6 w/w % polymeric binder, namely
polytetrafluoroethylene (PTFE) 60 wt. % dispersion in H,O is added. After adding PTFE
in to the mixture, dough is formed. It is spread over a degreased nickel mesh of dimension

3.1 x 3.3 cm® and compacted at 675 kg/cm?. The compressed electrodes are cured at 350°C
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in N, atmosphere for 40 minutes to obtain thé negative Iron electrode. 1g of graphite-
grafted active material was distributed over an area of 17.4 cm? (graphite-grafted active
material loading = 57.5 mg/cm®). Subsequently, this negative electrode is assembled with
nickel oxyhydroxide counter electrodes on either side with mercury/mercuric oxide
(MMO) as a reference electrode (E°= 0.098 V vs. SHE) in 6 M KOH solution with 1 w/v
% LiOH. Alkaline iron electrodes are subjected to galvanostatic charging and discharging
at a current density of 100 mA/g up to - 0.8 V vs. MMO during the first step of discharge.
A maximum specific discharge capacity of 365 mAh/g is obtained at 100 mA/g current
density with a faradaic efficiency of 73 % as shown in FIG.7.

[092] Therefore, the present invention provides an alkaline iron electrode for an
accumulator (iron-air battery) equipped with an increased specific discharge capacity and
faradaic efficiency. The alkaline iron electrode includes a synergistic combination of

ingredients to impart an increased specific discharge capacity to the iron electrode.
Advantages of the present invention

(093] The present invention provides a cost-effective graphite-grafted alkaline iron
electrode that is environmentally benign and which can be employed ‘in nickel-iron and
iron-air accumulators. The alkaline iron electrode renders a high specific discharge
capacity and faradaic efficiency. The alkaline iron electrode of the present invention can be
discharged both at high and low rates.

[094] Although the embodiments herein are deécribed with various specific examples and
_ pfocess parameters, it will be obvious for a person skilled iﬁ the art to practice the
embodiments herein with modifications and these modifications are deemed to be within

the scope of the appended claims.
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We claim:

1. A graphite-grafted alkaline iron electrode for an accumulator, comprising graphite-
grafted active material with substantial amount of metallic iron(a-Fe) with an
enhanced surface area, an dptimum porosity and with substantially reduced amount
of corresponding oxide content of iron (Fe;O4), an effective amount graphitic
carbon derived from the organic carbon source, a conductive carbon, a faradaic

efficiency agent, a metal salt and a polymeric binder.

2. The electrode of claim 1, wherein the electrode comprises approximately 80-95
w/w % of metallic iron (a-Fe), 5-20 w/w % of oxide content (Fe;04), with a surface
area of 10-15 m%/g and mean pore diameter in the range of about 8-15 nm, the
graphitic carbon in the range of about 2-3 w/w %, the conductive carbon in the
range of about 10-20 w/w %, the faradaic efficiency agent in the range of about 1-2
w/w %, metal salt in the range of about 1-2 w/w % and at least a polymeric binder

in the range of about 6-15 w/w%.

3. The electrode of claim 1, wherein the organic carbon source is selected from the
group consisting of polyvinyl alcohol, resorcinol-formaldehyde resin, sucrose and

starch, preferably polyvinyl alcohol.
4. The electrode of claim 1, wherein the conductive carbon is preferably carbon black.

5. The electrode of claim 1, wherein faradaic éfﬁciency_ agent is selected from the
group consisting of bismuth sulphide (Bi,S3), lead sulphide and ferrous sulphide,
preferably bismuth sulphide.

6. The electrode of claim 1, wherein the metal salt is nickel sulphate.

7. A process for preparing graphite-grafted alkaline iron electrode for an accumulator,

the method comprising the steps of:
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preparing ferrous oxalate dihydrate (a-FeC,04.2H,0) from FeSO4.7H,0 and oxalic
acid dihydrate;

grafting of graphite in situ, by decomposing ferrous oxalate dihydrate, at a
temperature in the range of 550-650°C in vacuum and in the presence of an

effective amount of organic carbon source;

adding faradaic efficiency agent and carbon black to the graphite-grafted active

material; and

compacting and curing the mixture in the presence of a binder at a temperature of
about 350°C, in an inert atmosphere, to obtain alkaline iron electrode having a
substantial amount of metallic iron'and a slubstantiallly reduced amount of oxide of

iron.

The process of claim 7, wherein the precursor is optionally selected from group
consisting of hydrated ferrous ammonium sulphate ((NHg),Fe(SO4),.6H,0O) and
hydrated iron chloride (FeCly.2H,0). '

The process of claim 7, wherein the organic carbon source is selected from the
group consisting of polyvinyl alcohol, resorcinol-formaldehyde resin, sucrose and

starch, preferably polyvinyl alcohol.
The process of claim 7, wherein the conductive carbon is carbon black.

The process of claim 7, wherein faradaic efficiency agent is selected from the group
consisting of bismuth sulphide (Bi»S3), lead sulphide and ferrous sulphide,
preferably bismuth sulphide.

The process of claim 7, wherein the binder is selected from the group consisting of
such as polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), styrene-
butadiene-rubber (SBR), acrylic resin, hydroxypropyl-methyl-cellulose (HPMC),
neoprene latex, polyethylene (PE), poly tetrafluoroethylene-co-vinylidene fluoride
(P(TFE-VDF)) or a mixture thereof, preferably PTFE.
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