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Introduction

The current world energy consumption is about 1.2�
1014 kWh per year, largely from fossil fuels, which not only
account for the detrimental emission of green-house gases
but also will exhaust quickly.[1] The necessity is evident for
alternative technologies that will enable efficient, large
scale, and stationary and mobile use of various renewable
energy sources. Of these, hydrogen technology has attracted
perhaps most attention, as exemplified by recent progresses
in hydrogen generation from water through photoelectroly-
sis,[2] photocatalysis[3] and biocatalysis.[4] Challenges are
therefore brought to other relevant issues, including storage,
distribution, and utilisation.[5,6] As for hydrogen storage,
past research and commercial efforts have enabled signifi-

cant progresses; however, one important issue might have
been overlooked. It is predicted that the annual production
of more than 3�1012 kg hydrogen is needed to replace fossil
fuels.[1] Assuming half of this mass is to be stored daily
before use, with the currently achievable 5 wt% capacity,
the total hydrogen storage materials (HSMs) will amount to
~8�1010 kg, which can be compared with the world4s annual
production of ~8�1011 kg steel, which is the most produced
material. Such a huge demand would make many currently
favoured high performance HSMs, such as LaNi5Hx,

[7]

ZrV2Hx
[8] and their derivatives, impractical for large-scale

applications in terms of resource and commercial realities,
and hence encourages an urgent reconsideration of the
cheap and abundant alternatives.

Ferrotitanium alloys are the first generation of HSMs.[9]

Iron and titanium are the fourth and ninth, respectively,
most abundant elements in the earth4s crust. Particularly,
the two co-exist in ilmenite (FeTiO3), which is a common
natural mineral with a known world total resource of ~2�
1012 kg (containing ~1 billion tons of TiO2), and accounts for
over 90% of the world4s supplies of TiO2 pigment and Ti
metal.[10] However, the two metals are currently separately
extracted in the industry by carbothermic (Fe) and magne-
siothermic (Ti) reduction methods, with the former process
emitting about 5�1011 kg CO2 per year. Simultaneous reduc-
tion of ilmenite into an alloy or intermetallic compound has
been attempted in various laboratories[11] and the latest ex-
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ample used silicothermic reduction but the product inevita-
bly contained silicon.[12]

The recent demonstration of electrochemical reduction of
solid metal oxides in molten salts promises a novel generic
technology for not only the extraction of reactive metals
such as titanium and chromium,[13–25] but also the synthesis
of many functional alloys, intermetallics and inorganic mate-
rials.[21–26] Some fundamental aspects of the process have
also been studied.[15–20,24–29]

Aiming to address the urgent resource and commercial
challenges for the development of hydrogen technology, we
have investigated the electroreduction of both natural and
synthetic ilmenite to give various hydrogen-storage ferrotita-
nium alloy powders in molten calcium chloride. While this
work is the first example of electroreduction of a compound
bimetallic oxide, for example, FeTiO3, the most significant
and unprecedented finding is that the electrolytic alloy pow-
ders could be used directly for hydrogen storage with the
performance being comparable with or better than those re-
cently reported in literature.[30–34] Particularly, this work
demonstrates that the electroreduction method is capable of
convenient modification of the composition and stoichiome-
try of the ferrotitanium alloys for enhanced hydrogen-stor-
age performance. For a broader application, the reported
data can also be used in the ambitious ongoing project (IL-
MENOX) to produce oxygen gas from lunar rocks, which
are mainly ilmenite, on the Moon for space transport.[35]

Results and Discussion

Direct electroextraction of ferrotitanium alloy powder from
ilmenite : Electrolysis of both synthetic and natural ilmenite
in molten CaCl2 was carried out in the cell schematically
shown in Figure 1a. The oxide powder was pressed into a
porous pellet, sintered and assembled into a cathode by
using molybdenum meshes and wires. A photograph of the

assembled cathode is shown in the insert of Figure 1b. At
constant cell voltages higher than 2.8 V, the common cur-
rent–time features are given in Figure 1b for electrolysing
natural ilmenite in absence and presence of 4.46 wt% of
NiO. Typically, in the first 2 min upon voltage application,
the current rose to a peak value of ~7 A (or 3.5 Ag�1), in
agreement with the understanding of surface metallisation
of the oxide pellet.[14, 18,25, 29] It then declined gradually,
through two or more inflexions or plateaus in the next hour,
to a steady level that lasted until the end of the prescribed
time (up to 24 h). The total charge passed when the current
reached the steady level was about 90% of that calculated
from the mass of the pellet (1.95 Ah in the first hour versus
the theoretical charge of 2.10 Ah for reduction of 2 g ilmen-
ite), suggesting the reduction to be very fast in the initial
period. However, it was found that maintaining electrolysis
in the steady period for a longer time (>4 h) was needed to
reach a desired low oxygen level in the product. This was in-
itially thought to be due to oxygen having a large solubility
in solid titanium, and also to allow the initially formed fine
metal particles to grow larger to avoid surface oxidation in
post-electrolysis processes. However, analyses of the prod-
ucts after electrolysis for different times revealed other
causes, as will be discussed later. The products obtained
after electrolysis for 4–12 h turned metallic and could be
manually ground into powder with pestle and mortar. Inter-
estingly, disregarding the nature and composition of the
starting pellet, see Figure 2a and b, interconnected nodular
metal particles were always observed in the fully reduced
pellets as shown in Figure 2c–f, similar to that of the electro-
extracted pure titanium from solid TiO2.

[13,14,21] Such porous
microstructures signify large surface to volume ratios and
are beneficial for many electrochemical and chemical proc-
esses in which surface adsorption is the rate-controlling step.

X-ray diffraction (XRD) analyses confirmed the gradual
conversion from the ilmenite structure to the CsCl structure
of ferrotitanium alloys,[30–32] see Figure 3. Particularly, Fig-
ACHTUNGTRENNUNGure 3b demonstrates the formation of two major intermedi-
ate phases, a-Fe and CaTiO3, which are absent on the start-
ing and final spectra. These are an indication that the reduc-
tion of ilmenite started from forming pure iron and the per-
ovskite (CaTiOx, x�3)[19,25] with the latter being reduced
later, and accounting for the high oxygen level in the prod-
ucts electrolysed for less than 4 h. Because the uniform dis-
tribution of Fe and Ti in ilmenite, and also the absence of
pure Ti phase in the XRD spectra, it can be assumed that
the Ti atoms from the reduction of CaTiOx (or TiOy, y�2)
immediately reacted with the nearby Fe particles to form
the TiFe alloy. The reduction of solid ilmenite can be sum-
marised by Equations(1)–(3).

FeTiO3ðilmeniteÞ þ Ca2þ þ 2ð4�xÞ e ÐFeþ CaTiOx

þð3�xÞO2�
ð1Þ

CaTiOx þ Feþ 2x e Ð TiFeþ Ca2þ þ xO2� ð2Þ

TiOy þ Feþ 2y e Ð TiFeþ yO2� ð3Þ

Figure 1. Electrolysis : a) A schematic of the electrolytic cell which was
protected under argon in the electrolysis experiment. b) The current–
time plots for electrolysis of pellets of natural ilmenite without (solid
line) and with (dashed line) 4.46 wt% NiO (to make Ti+Ni=Fe) in
molten CaCl2 at 3.0 V and 900 8C. Both pellets were 2.0 g in weight,
~2.0 cm in diameter and ~45% in porosity. The insert is the photograph
of a natural ilmenite pellet wrapped in molybdenum mesh to form the as-
sembled cathode.
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It should be pointed out that the above reactions for a
compound bimetallic oxide are different from the electrore-
duction of a simple oxide, such as TiO2

[13,15,19] and SiO2,
[16,17]

but are very much desired because the Fe particles formed
first inside the pellet can surely help the conduction of elec-
trons. It is also likely that the polarisation potential needed
for the reduction of CaTiO3 or TiO2 is lowered because the
newly formed Ti atoms settle to a lower energy state on the
nearby Fe particles. In other words, the energy released
from alloy formation is naturally exploited in the electrore-
duction process to lower the electrolysis voltage, but this
energy is usually wasted if individual metals are extracted
separately and then melted together to form the alloy. Fur-
thermore, the XRD spectra in Figure 3c and d revealed very
similar crystal structures of the products from different start-
ing compositions and electrolysis times, showing the electro-
reduction to be highly effective for the production various
ferrotitanium alloys.

As expected, the oxygen content in the product varied
with electrolysis conditions. For example, at 3.1 V and
900 8C, electrolysis of the synthetic ilmenite in the presence
of NiO for 4 h and 12 h produced samples containing about
1 wt% and less than 0.3 wt% oxygen, respectively. The final
content of each metal in the fully reduced pellet matched
satisfactorily to that in the oxide precursor. Typically, the
final composition was Ti/Fe/Ni=1.04:0.38:0.58 in a fully re-
duced pellet of mixed TiO2, Fe2O3 and NiO powders that
was designated for the TiFe0.4Ni0.6 alloy. The atomic ratio of
Ti/Fe in the natural ilmenite was 0.92 according to the sup-
plier, and was 1.1 as detected by energy-dispersive X-ray
(EDX) microanalysis in the fully reduced pellet. It is worth
noting that most impurities in the natural ilmenite, including
Ca and Mg, were not detected in the electrolytic products
by EDX analysis, except for Si. The retention of Si in the
product can be explained by the electroreduction of silicates
to Si,[16,17] which reacted with Fe to form stable alloys or in-
termetallic compounds.[12]

The energy consumption depends largely on the electroly-
sis time, apparently due to the relatively large steady or
background current[18,25,26] in the later stage of electrolysis.
For reducing the natural ilmenite at 3.0 V, the electrolysis
consumed 7.0 kWh ACHTUNGTRENNUNG(kg alloy)�1 for 3 h, and 14.4 kWh
ACHTUNGTRENNUNG(kg alloy)�1 for 8 h, even though about 60% oxygen in the
cathode was removed in the first hour. In the case of pro-
ducing the TiFe0.4Ni0.6 alloy powder by electrolysis at 2.9 V,
the energy consumption was 7.9 and 16.8 kWh ACHTUNGTRENNUNG(kg alloy)�1

for 3 and 8 h, respectively. These energy consumption data
can be favourably compared with the industrially applied
pyrometallurgical processes for producing the individual
metals: 45–55 kWh(kg titanium)�1 and 4–6 kWh ACHTUNGTRENNUNG(kg steel)�1

(involving environmentally unfriendly reactants or byprod-
ucts).[36–38] Energy saving by electroreduction becomes more
evident compared with making the alloy through arc-melting
the individual metals, and converting the alloy into powder
by mechanical pulverisation,[32] or making the alloy powders
by mechanical alloying (high-energy ball milling) from the
individual metal powders,[31,33] or other techniques.[34] Fur-
thermore, with various proposed measures to reduce the
background current,[25] or to conduct “electronically mediat-
ed reaction” after the fast oxide-to-metal conversion in the
initial stage of electrolysis,[39–42] the energy efficiency of the
electroreduction method can be further improved.

Hydrogen-storage performance of the electro-synthesised
ferrotitanium alloy powders : Amongst the various ferrotita-
nium alloy powders prepared in this work from the natural
or synthetic ilmenite, two systems were examined for elec-
trochemical hydrogen storage: TiFe and TiFexNiy (x+y=1).
Figure 4a shows the capacity variation with the number of
charging–discharging cycles of a prototype cell consisting of
a negative electrode of the as-prepared TiFe powder
(washed in water) from the natural or synthetic ilmenite,
and a positive electrode of mixed NiOOH/Ni(OH)2 the ca-
pacity of which (~160 mAh) far exceeded the negative elec-
trode. The electrolyte used was a deaerated aqueous solu-

Figure 2. Scanning electron microscopy: a)–d) Pressed and sintered pow-
ders of a) ground natural and b) synthetic ilmenite, and of their electroly-
sis products ; c) natural, 900 8C, 3.0 V, 12 h; and d) synthetic, 900 8C, 3.0 V,
8 h. e) and f) Electrolysis products (900 8C, 3.0 V, 8 h) of e) natural ilmen-
ite+4.46 wt% NiO (Fe=Ti+Ni) and f) mixed TiO2, Fe2O3 and NiO
(TiFe0.4Ni0.6).
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tion of 6m KOH. Because the electrolytic TiFe powder from
the natural ilmenite contained a significant amount of Si
(2.7 wt% as detected by EDX) and other EDX undetect-
ACHTUNGTRENNUNGable impurities (e.g., Mn and Al), its performance was not
expected to be as good as that from the synthetic ilmenite.
Nevertheless, it can be noticed from Figure 4a that the ca-
pacity of the former started from a large value and then de-
creased to a low steady level in the first couple of charge-
discharge cycles, but that of the latter needed an activation
process before reaching a high steady level. This may be an
indication of opposite influences from different impurities in
the natural ilmenite, and deserves further investigation. For
the TiFe powder from the synthetic ilmenite, its steady ca-
pacity (~45 mAhg�1 at 30 mAg�1), which was reached after
only a few low current (15 mAg�1) activation cycles, can be
favourably compared with recent literature data of different-
ly prepared TiFe powders, particularly that (~65 mAhg�1 at
4 mAg�1) of the high-energy ball-milled product.[30,31]

For the TiFexNiy system, the products from both natural
and synthetic ilmenite exhibited much greater capacities, see
Figure 4b and c. In addition, it was found that the hydrogen
storage capacity maximised at Fe/Ni=2:3 (TiFe0.4Ni0.6), in
agreement with previous finding in TiFeNi powders pre-
pared by other methods.[30–33] Particularly, for the TiFe0.4Ni0.6
powder from synthetic ilmenite, the discharge capacity of
the first and second cycles were ~17 mAhg�1 and

~176 mAhg�1, respectively, at
a discharge current of
15 mAg�1 and cut-off charging
and discharging potentials of
1.45 V and 0.90 V, respectively,
see Figure 4c. After the fast ini-
tial activation and raising the
discharge current to 30 mAg�1,
and the capacity increased to
~230 mAhg�1, although a de-
cline followed in later cycles.
Further increases in the
charge–discharge current led to
similar behaviour and lower ca-
pacities as expected. For exam-
ple, the measured maximum ca-
pacities were ~105 mAhg�1

and ~75 mAhg�1 at 90 mAg�1

and 180 mAg�1, respectively.
As discussed before, the elec-

trolysis time determines, to a
large degree, the energy con-
sumption of the process. There-
fore, it was decided to investi-
gate the influence of electroly-
sis time on the hydrogen-stor-
age performance of the prod-
uct. Interestingly, considering
experimental errors, the hydro-
gen-storage capacity remained
approximately unchanged when

the electrolysis time was varied significantly. Table 1 pres-
ents some results from the TiFe0.4Ni0.6 powders, showing that
for hydrogen storage the electrolysis time does not need to
be long, even though a longer time would be beneficial for
removing oxygen from the powder. This is a very important
finding because a shorter electrolysis time means a lower
amount of energy consumption. In fact, past investigations
revealed a beneficial effect on hydrogen storage if metallic
HSMs contained a suitable amount of oxygen, possibly due
to minor alteration of the metal4s lattice structure.[43,44]

The TiFe0.4Ni0.6 electrode was also investigated by cyclic
voltammetry in the same electrolyte (6m KOH). It was
found that without activation by the low-current charging–
discharging method mentioned above, the electrode exhibit-
ed very small reduction current before hydrogen gas evolu-
tion. Stable CVs obtained from an activated electrode at dif-
ferent potential scan rates are shown in Figure 4d. General-
ly, during the negative potential scan, a reduction current
started at about �0.60 V (vs. Hg/HgO) and increased until a
plateau was reached at a potential between �0.85 V and
�0.90 V, depending on the potential scan rate. The appear-
ance of the current plateau at more negative potentials,
which was not seen on the inactivated electrode and nor on
the porous nickel foil electrode, is indication of the reduc-
tion being controlled by a kinetic step that is often attribut-
ed to diffusion. However, plotting the plateau current

Figure 3. Powder X-ray diffraction spectra: a) Various natural and synthetic ilmenite powders with the indicat-
ed compositions. b) and c): The products from electrolysis (3.0 V, 900 8C) of b) natural ilmenite and c) mixed
TiO2, Fe2O3 and NiO powders (to give TiFe0.4Ni0.6) for different times. d) Ti-Fe-Ni alloys with indicated compo-
sitions produced by electrolysis (3.0 V, 900 8C, 8 h) of mixtures of the respective oxide powders.
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against the potential scan rate led to a straight line. A simi-
lar linear correlation was also obtained for the re-oxidation
process. These are typical features of reversible electrode
processes controlled by surface adsorption and desorption,
and hence may be related to the reaction of H+ +e!Had. It
should be pointed out that in a conventional surface adsorp-
tion process, the current usually first reaches a peak after
the electrode surface is half covered by the adsorbent and
then decreases afterwards.[45] Therefore, the appearance of
the current plateau is an indication of the adsorbed hydro-
gen being continuously absorbed into the metal to allow fur-
ther hydrogen adsorption on the surface.

Following the plateau, the current increased very quickly,
in agreement with the understanding of the adsorbed hydro-
gen atoms combining into hydrogen molecules. Upon re-
versing the potential scan, the oxidation current reached a
peak, the potential of which shifted positively from �0.75 V
to �0.67 V with increasing the potential scan rate. After the
peak, the current declined at more positive potentials. Cal-
culation of the total charges passed during the reduction

and oxidation processes revealed very comparable results
for all potential scan rates tested, demonstrating the absorp-
tion and desorption of hydrogen is highly reversible.

To confirm the electrochemical measurements were truly
due to hydrogen absorption–desorption processes, the pres-
sure–composition isotherms were measured for the electro-
lytic TiFe0.4Ni0.6 powder upon hydrogen absorption–desorp-
tion. The measurements were taken after an activation pro-
cedure (four adsorption–desorption cycles at 500 8C).[30–32]

Two typical results are displayed in Figure 4e and f, showing
that the hydrogen storage property of the electrolytic
powder at room temperature is fairly satisfactory in compar-
ison with a previous report of the high-energy ball-milled
TiFe0.4Ni0.6 powder.

[33] Nevertheless, it is noted that a signifi-
cant amount of hydrogen was retained in the electrolytic
powder when the pressure was reduced, which is a known
property of TiFe.[46] However, hydrogen retention was great-
ly reduced by slightly increasing the temperature (25 8C to
80 8C, see Figure 4e and f).

In summary, we have demonstrated the novel and success-
ful electrochemical reduction of natural and synthetic ilmen-
ite directly to hydrogen-storage ferrotitanium alloys in
molten calcium chloride. The cost in terms of energy con-
sumption, the number of manufacturing steps, and control
of product composition is much lower than all existing in-
dustrial and laboratory means. More importantly, such pro-
duced ferrotitanium alloy powders of various compositions

Figure 4. Hydrogen storage: a)–c): Charge–discharge plots of ferrotitanium alloy powders produced by electrolysis of a) natural (square) and synthetic
(circle) ilmenite, b) natural ilmenite+4.46 wt% NiO (Fe=Ti+Ni, square) and natural ilmenite (38.77 wt%), TiO2 (32.05 wt%) and NiO (29.18 wt%),
and c) mixed TiO2, Fe2O3 and NiO powders (TiFe0.4Ni0.6). The insert in c) shows the current–time plots of charging and discharging. d) Cyclic voltammo-
grams of the electrolytic TiFe0.4Ni0.6 powder at different scan rates. The electrolyte used for a)–d) was deaerated 6m KOH. e) and f): Pressure–composi-
tion plots from thermochemical hydrogen storage test of the electrolytic TiFe0.4Ni0.6 powders at the indicated temperatures.

Table 1. Electrochemical hydrogen storage capacity of TiFe0.4Ni0.6 pow-
ders from electrolysis of mixed TiO2, Fe2O3 and NiO at 3.0 V and 900 8C
in molten CaCl2 for different electrolysis times.

electrolysis time [h] 4 6 8 10 11.5

maximum capacity [mAhg�1] 179.3 128.7 198.6 193.5 140.2
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have a common morphology of interconnected micrometer
nodular particles, which are ideal for packing into micropo-
rous structures for the exploitation of the particle surface,
and can be directly used for hydrogen storage without com-
promising performance in comparison with similar alloy
powders prepared by other methods. We anticipate that,
with further work on optimisation of the electrolysis condi-
tions and cell design to further lower energy consumption,
and of the product composition and structure for better hy-
drogen-storage performance, the electroreduction method
can be applied to address the predictable resource and cost
issues for the development of hydrogen technology.

Experimental Section

Natural ilmenite ore was obtained from Beihai, Guangxi, China (49 wt%
TiO2, 33 wt% FeO, 16 wt% Fe2O3, and 2% impurities, including Si, Mg,
Ca, Mn, and Al). The as-received ilmenite rock was ground and sieved to
a powder (<10 mm in particle sizes), which was then pressed to pellets
(~20 mm diameter, 2–3 mm thickness) and sintered in air at 700–900 8C
for up to 4 h. The microscopic feature of the ground natural ilmenite
powder in the sintered pellet is shown in Figure 2a. Synthetic ilmenite
was prepared by mixing stoichiometric amounts of fine powders of TiO2

(particle sizes: sub-micrometers) and Fe2O3 (sub-micrometers), pressing
the mixture into pellets, and sintering at 1050 8C for up to 4 h. The oxide
particles in the sintered pellets were noticeably larger than those in the
parent oxide powders, see Figure 2b, suggesting the occurrence of inter-
particle reaction. The XRD spectrum of the synthetic ilmenite was
almost identical to that of the natural ilmenite, as demonstrated by spec-
tra I and II in Figure 3a. Other chemicals were of the AnalaR or similar
grades, and were used as received from Shanghai Chemical Reagent
Company. Modification of the natural or synthetic ilmenite was achieved
by mixing the parent powder or powder mixture with other oxide
powder, for example, NiO, prior to pressing. Following sintering, the pel-
lets exhibited XRD spectra very similar to that of ilmenite and examples
are given by spectra III and IV in Figure 3a.

The sintered pellets of oxide powders were either wrapped by thin Mo
wire (100 mm diameter) or sandwiched between two porous nickel foils[17]

or two Mo meshes to form an assembled cathode, see the insert of Fig-
ACHTUNGTRENNUNGure 1b, and were electrolysed at constant cell voltages (2.8 ~3.1 V) in
molten CaCl2 (800–900 8C) for a prescribed time (0.25–12 h). A graphite
crucible (internal diameter: 10 cm, depth: 23 cm, wall thickness: 1.2 cm)
was used to contain the molten salt and also functioned as the anode. A
schematic of the electrolytic cell is shown in Figure 1a. After electrolysis,
the pellets were cooled, ground and washed thoroughly in water in an ul-
trasonic bath, followed by drying in vacuum or in air under an infrared
light before further uses. Other experimental details for molten salt elec-
trolysis and product characterisations were described previously[17, 26–28] or
are given in the main text.

The obtained alloy powder was directly tested for room temperature hy-
drogen storage. Measurements of the isotherm pressure–composition
curves were carried out in a Sieverts Gas Reaction Controller (Advanced
Materials Corporation, USA) by the Shanghai Institute of Microsystem
and Information Technology, Chinese Academy of Sciences (Shanghai).
Before measurements, the metal powder was activated by four vacuum–
hydrogenation cycles at 500 8C. In electrochemical hydrogen storage stud-
ies, the alloy powder (80 wt%) was mixed with polytetrafluoroethylene
(emulsion, 10 wt%) and acetylene black (10 wt%) into a paste that was
then rolled into a 0.15 mm thick film. A small piece of the film
(~0.8 cm2, ~20 mg alloy powder) was pressed onto a slightly larger
porous nickel foil, and tested under ambient conditions in an electro-
chemical cell with a sintered NiOOH/Ni(OH)2 counter electrode whose
capacity (160 mAh) far exceeded the film electrode in a deaerated aque-
ous solution of 6m KOH. The cell was charged/discharged by an initial

activation current of 15 mAg�1 for the first 2 or 3 cycles and then the
current was increased to 30 mAg�1. The cut-off voltages for the charge–
discharge were 1.35 V and 0.9 V, respectively. Cyclic voltammetry of the
film electrode (0.2–0.4 cm2) was performed in a three-electrode cell with
a platinum foil counter electrode and a Hg/HgO reference electrode in
6m KOH.
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