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electro-reduction method

It is shown that water can repeatedly be decomposed

and regenerated in molten LiCl at 680 °C under a low cell
voltage of only 1V, and these interactions lead to the clean
production and the in situ consumption of hydrogen, and
consequently, the electro-reduction of cobalt oxide into
highly faceted cobalt microcrystals with dominant stable
face-centered cubic phase with an energy consumption of
1150 kW h per ton of reduced cobalt. These features provide
considerable advantages over the alternative approaches
available for cobalt production.
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We report that water can repeatedly be decomposed and regenerated in molten LiCl at 680 °C under a

low cell voltage of only 1V, and these interactions lead to the clean production and in situ consumption

of hydrogen, and, consequently, to the electro-reduction of cobalt oxide to highly faceted cobalt

microcrystals with a dominant stable face-centered cubic (fcc) phase with an energy consumption of
1150 kW h per ton of reduced cobalt, providing considerable advantages over the alternative approaches
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available for cobalt production. The phase and morphological evolution that occurred is shown to
follow the sequence: CoO — Coz04 — Ligpg5C00.9350 — Co. The establishment of the desirable high
temperature fcc—Co phase at room temperature, observed in this study, is related to the doping of Co

crystals with hydrogen. The mechanism involved in the water-assisted clean electro-reduction of cobalt
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1. Introduction

Cobalt, which is a transition metal with a current world produc-
tion of around 140 million metric tons per annum, has a wide
range of applications in several fields. It is a common ferromag-
netic metal with the highest Curie point, and therefore is widely
used to fabricate magnetic alloys." It is also employed in the
fabrication of corrosion and wear-resistant alloys,> catalysts,**
hard compounds®® and rechargeable batteries.””® Moreover, Co
powder is particularly interesting for the preparation of advanced
materials such as soft magnets,”® additive manufactured alloys
and cemented carbides.""

The stable crystalline form of cobalt is a hexagonal close
packed (hep) structure up to about 420 °C, above which the
face-centred cubic (fcc) structure becomes stable.' The establish-
ment of an fcc-Co structure at room temperature is highly
beneficial for applications such as industrially important hard
materials, in which cobalt is surrounded by hard carbides.”**
Moreover, the clean and low cost production of cobalt is challeng-
ing. This article concerns the green production of Co powder with
a dominant stable fcc phase, as further explained below.

Cobalt powder can be produced by the direct hydrogen
reduction of cobalt oxalate, carbonate or oxides in the temperature
range of 400 to 800 °C."“'®™® The hydrogen reduction process
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oxide is systematically investigated.

proceeds through the conversion of Coz;O, to CoO and then to
metallic Co." Although hydrogen reduction is considered as a
clean method, hydrogen gas should first be produced, mainly from
non-renewable fossil fuels, and then the hydrogen product needs
to be stored and transported to the reduction reactor. Therefore,
the production, storage, and transportation of hydrogen gas are
key challenges in these methodologies.?”*" Other reducing agents
such as ethanol (C,H;OH)'® have also been utilised to reduce
cobalt oxides in the temperature range of 800-950 °C. Although the
liquid ethanol is easier to transport than hydrogen gas, its highly
toxic nature®® and production cost present additional challenges.

Alternatively, cobalt can be extracted using electrochemical
methods, avoiding the problems associated with chemical reduc-
ing agents. These methods can mainly be divided into two
categories. The methods in the first category are based on the
electrodeposition of cobalt from aqueous solutions such as acidic
Co0S0,-7H,0-Na,SO, in the presence of tetraethylammonium
bromide,*® or non-aqueous low-temperature electrolytes contain-
ing electroactive soluble Co species such as CoCl, in urea
acetamide-LiBr** or Co(TFSA), in 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)amide in the presence of coumarin
and thiourea.”® Unfortunately, the application of these low-
temperature electrolytic methods is restricted due to the expen-
sive and environmentally problematic reagents involved, and also
the low kinetics of the processes conducted at low temperatures,
as well as the low quality of the deposited cobalt. In the presence
of water, the parasitic hydrogen evolution reaction taking place
during the process can also impose additional limitations, thus
reducing the current efficiency of the process. It should be
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noticed that hydrogen cannot reduce cobalt oxide at low tem-
peratures due to kinetic barriers.

The second approach used for the electrochemical extrac-
tion of cobalt is based on the direct cathodic electro-
deoxidation of solid cobalt oxides in high temperature molten
salt electrolytes,”*™ such as Na,CO;-K,CO; (800 °C, cell
voltage > 1.7 V, 5 h).”° It should be noted that the working
current densities achieved using high-temperature molten salts
can be considerably greater than those obtained using low-
temperature electrolytes, avoiding the sluggish kinetics and
unacceptable production yield. Despite this advantage, the high
temperature and cell voltage required in these molten salt
methods increase the processing cost. Side reactions can also
be promoted at high cell voltages/temperatures, which further
reduce the quality of the product and the efficiency of the
process. Therefore, the development of a new generation of
molten salt technologies that can work at lower temperatures
and cell potentials will be of great interest.

On the other hand, all the methods mentioned above lead to
the preparation of cobalt with a dominant hcp structure, which
is not the preferred crystalline structure for some important
applications. For instance, cobalt is extensively used in the
fabrication of WC/Co composites for applications such as
cutting and forming tools, pressing dies, mining bits and wear
resistant components®® due to their outstanding thermal,
chemical and mechanical properties, brought about by the
presence of a hard and brittle WC phase dispersed in a soft
Co binder matrix. The latter is responsible for improving the
ductility and toughness of the composite.*

It should be mentioned that fcc-Co exhibits a higher value
of toughness in comparison with hcp-Co since more slip
systems are activated in the former. Therefore, the presence
of Co binder in its fcc structure at room temperature can
enhance the toughness of cemented carbides, which is critically
important.®*** Consequently, the stabilisation of the fcc-Co
phase at room temperature is a highly demanding topic from
both scientific and practical points of view. It is reported that
the high energy ball milling of cobalt powder consisting of 78%
hep phase and 22% fcc phase for 15 h can lead to an increase in
the amount of the fcc phase to around 38%.%*3° It is also
known that elements such as tungsten and carbon stabilise the
fcc-Co at room temperature. As a result, the nanostructuring of
WC-Co was found to be effective to increase the dissolution of
tungsten and carbon in the Co binder, leading to the presence
of a higher fcc-Co/hcp-Co ratio at room temperature, thus
improving the mechanical properties of the composite
material.***” The ratio of fcc-Co/hcp-Co and therefore the
toughness of the resultant cemented carbides can also be
increased by doping of the Co phase with elements such as Y,
Ce, La, Pr, Nd, Gd, Sm and Fe.>®3°

To conclude, despite the commercial and scientific impor-
tance of cobalt, its extraction is challenging in terms of energy
consumption and environmental impacts. Furthermore, the
current technologies of reducing cobalt oxides produce
hep-Co, which is less desirable than fcc-Co for practical
applications. Here, for the first time, a simple molten salt
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method is proposed for the green production of Co with a
dominant stable fcc structure.

Recently, we have demonstrated a water-assisted molten salt
method for the facile generation of hydrogen in molten LiCl. In
this approach, water as a clean source of hydrogen is fed into
the molten salt reactor and this consequently leads to the
formation of hydrogen cations and oxygen anions in the melt
through the hydrolysis reaction.’® In this way, hydrogen can be
generated on cathodically polarised electrodes and utilised for
various interesting applications including the efficient exfolia-
tion of graphite to fabricate high-quality graphene,*'** carbon
encapsulated silicon*®> and a diamond precursor.*® The gener-
ated hydrogen can also be utilized for the reduction of iron
oxides.*”*® Since hydrogen is generally regarded as a clean
reducing agent, this molten salt technology can be considered
as a sustainable and economical alternative for the state-of-the-
art electrochemical production of metallic iron. It is important
to consider that hydrogen production in molten salts requires a
low cell potential of less than 1 V at temperatures less than
700 °C, which makes the process attractive for the large scale
production of metals from their oxides.

In this paper, we investigated the electro-extraction of cobalt
from a cobalt oxide precursor by the iz situ generated hydrogen
in molten LiCl. The process parameters including the produc-
tion yield, current efficiency, and energy consumption involved
in the production of metallic cobalt, as well as the mechanisms
involved in the process, are discussed. Interestingly, we show
that water, as the source of hydrogen, can be continuously
consumed and regenerated during the process. The Co product
displays a distinguished crystalline faceted morphology with a
dominant fcc structure, which is formed due to hydrogen
doping. The presented results are interesting, suggesting a
green method for the facile synthesis of faceted cobalt crystals,
which cannot be produced by alternative methods.

2. Experimental procedure

2.1. Materials and methods

Anhydrous lithium chloride (Sigma-Aldrich, V900067) and
cobalt oxide (CoO, Aladdin, C104343) were used as the molten
salt electrolyte and the cobalt precursor, respectively. The
mixtures of CoO powder and 20 wt% NH,HCO; (Aladdin,
A110536) were pressed into cylindrical pellets with a diameter
of 20 mm at a uniaxial pressure of 20 MPa. The pellets were
then sintered at 1300 °C for 2 h so as to achieve the desired
strength. Thereafter, the sintered pellets were connected to one
end of copper rods sheathed with alumina tubes. These assem-
blies were used as the working cathode during the molten salt
experiments. Meanwhile, a graphite crucible (internal dia-
meter: 55 mm and height: 150 mm) containing 250 g of LiCl
powder was used as the salt container and the anode during the
electrolysis process. The assembled cell was placed inside a gas
sealed Inconel retort, located in a vertical resistance furnace
equipped with SiC heating elements. Then, the furnace was
heated to 680 °C at a ramping rate of 3 °C min~* under a dry

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Experimental setup used for hydrogen production and the
reduction of cobalt oxide in molten LiCl. (b) Photograph of the sintered
Co304 pellet before the molten salt process. (c) Photographs of reduced
metallic Co after the hydrogen reduction process.

argon flow. The cell was maintained for 30 minutes at the target
temperature, and then the dry argon was replaced by a humid
argon flow brought about by allowing the argon to flow through
a quartz tube containing deionized water. The humid argon
was purged in the system for 10 minutes before the electrodes
were connected to the terminals of a computer-controlled DC
power supply (IT6502D, ITECH). The electrolysis experiments
were conducted at a low voltage of 1 V for different durations up
to 8 h, during which the cathodic and anodic potential differ-
ences versus the molybdenum quasi-reference electrode (QRE)
were recorded using two digital multimeters (Keysight,
34460A). Fig. 1a exhibits the experimental setup. At the end
of the electrolysis, the cell was cooled down to room tempera-
ture at a rate of 3 °C min~' under a dry argon atmosphere.
Then, the materials inside the crucible were washed with
distilled water to retrieve the reduced pellets, which were
subsequently freeze-dried before further characterisation.

2.2. Materials characterisation

The electrolytic products obtained from the experiments were
characterised using X-ray diffraction (XRD, Cu-K, radiation
/. = 1.5405A, PANalytical) and scanning electron microscopy
(SEM, Ultra Plus - ZEISS) equipped with an energy dispersive
spectrometer (EDX, Shimadzu). The oxygen, carbon and hydro-
gen contents of the electrolytic product were characterised
using a CHNO analyzer (PerkinElmer). The relative amounts
of the fcc and hep phases in the Co product were quantified via

This journal is © The Royal Society of Chemistry 2020
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Rietveld refinement of the corresponding XRD patterns using
X-Pert HighScore Plus software.

3. Results and discussion

3.1. Phase evolution of cobalt oxide caused by the electroless
molten salt treatment

The phase evolution of the Co oxide precursor that occurred by
heating of the material in molten LiCl under a dry or humid Ar
atmosphere was studied by means of XRD, and the results are
shown in Fig. 2. Fig. 2a shows the XRD analysis of the
precursor, indicating that the material is pure CoO with no
traceable impurity. This material was mixed with LiCl and the
mixture was loaded into a graphite crucible and heated under a
dry argon flow at 680 °C for 1 h in the gas-tight Inconel reactor.
After the heating process, the crucible content was washed and
vacuum-filtered, and the filtrate was vacuum-dried for 2 h.
Fig. 2b shows the XRD analysis of the material obtained,
providing the evidence that CoO is partially converted to
Co30, during the heat treatment process:

6C00 + 0,(g) = 2C0;0, AG® = —96 kJ (680 °C) (1)

Such an oxidation process was also indicated in the work of
Zytaa.*® The oxygen required for the occurrence of reaction (1)
was likely to be sourced from the remaining oxygen trapped in
the system.

The aforementioned experiment was repeated with the only
difference being that the high temperature heat treatment at
680 °C (1 h) was conducted under a humid Ar gas flow.
The X-ray diffraction pattern of the product, shown in Fig. 2c,
demonstrates the formation of a new phase described as
Lip.065C00.0350. This phase transformation can be explained
based on the reaction between molten LiCl, water from the
moist atmosphere and the oxygen remaining in the system:

o
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Fig. 2 XRD analysis of (a) the cobalt oxide powder used as the precursor
material and the material obtained by heating the powder precursor with
LiCl (b) under dry Ar and (c) under humid Ar at 680 °C for 2 h.
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Fig. 3 SEM micrographs of (a) the Co oxide powder used as the precursor
material and the material obtained by heating the powder precursor with
LiCl (b) under dry Ar and (c and d) under humid Ar at 680 °C for 2 h. Arrows
in (b) point at Coz04 octahedral crystals.

0.13LiCl + 0.065H,0 + 1.87C00 + 0.0325 O,
= 2Lig 065C00.0350 + 0.13HCI (2)

The phase evolutions discussed above caused major mor-
phological changes. As depicted in Fig. 3a, the raw CoO powder
comprised agglomerated rather uniform spherical particles
with a size of around 50 nm. According to the SEM micrographs
shown in Fig. 4b-d, the particle sizes of the cobalt oxide powder
increase during the heat treatment processes performed under
different conditions. After heating in molten salt under the dry
atmosphere, the product does not exhibit a uniform morphol-
ogy anymore. Instead, it includes particles with a wide size
distribution from around 100 nm to more than 1 pm. The larger
particles are likely to be Co;0,, considering the results of the
XRD analysis shown in Fig. 2b. As pointed out by arrows in
Fig. 3b, some particles have grown further into highly faceted
octahedral crystals with a size greater than 1 pm. These crystals
can be attributed to Co;O, with a cubic structure (JCPDS:
010761802) formed through the occurrence of reaction (1).
On the other hand, the molten salt heating of the raw CoO
powder under humid Ar led to the formation of approximately
uniform particles with an average size of around 1 pm (Fig. 3c
and d). These particles correspond to Lig 465C00.0350 according
to the XRD pattern shown in Fig. 2c. We emphasize that these
structural and morphological changes occurred solely due to
the molten salt heat treatment of the raw CoO powder with no
polarisation contribution.

3.2. Phase evolution of cobalt oxide caused by molten salt
electrolysis

Before the electrolysis process, CoO powders were pressed into
pellets and then sintered in air at 1300 °C to achieve sufficient
mechanical properties. The XRD pattern of the sintered pellets
is presented in Fig. 4a. The pattern confirms the completion of
reaction (1) that occurred at high temperatures in air, leading to
the formation of Co;0,.
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Fig. 4 X-ray diffraction patterns of (a) Co oxide after being pressed and
sintered at 1300 °C and the electrolytic products obtained after various
electrolysis durations under humid Ar at a low cell potential of 1 V: (b) 2 h,
()4 h, (d) 6 hand (e) 8 h.

Fig. 1b and 5a show the photograph and the SEM morphol-
ogy of the sintered pellet, respectively. It is evident that during
the sintering process, spherical CoO nanoparticles (Fig. 3a)
transformed into Coz0, with a knitt morphology comprising
semi-spherical particles with a size of around 2 pm and sinter
neck features.

The Coz;0, pellets were cathodically polarized in molten LiCl
under humid Ar at a low cell voltage of 1V for 2 h, and the XRD
analysis of the electrolytic product is shown in Fig. 4b, indicat-
ing that the product consisted of the Lij 065C00.9350 phase.
By comparing Fig. 4b and Fig. 2c, it can be concluded that
Lio.065C00.0350 was formed via chemical reaction (2), which
occurred under the influence of the humid atmosphere, before
the initiation of polarisation. It also confirms that 2 h of
cathodic polarisation of Lij 065C00.9350 at 1 V does not lead to
a major phase evolution. The morphology of this sample is,
however, different from that shown in Fig. 4b. The powder
obtained included large particles of around 10 pm size together
with smaller ones, as depicted in Fig. 5b. We believe that large
particles are mainly formed on the surface of the pellet, where
the sintered powders were fully exposed to the molten salt,
providing a high-temperature ionic medium to facilitate the
diffusion, and hence the sintering of smaller particles into
larger ones. Fig. 5¢ and Fig. S1 (ESIt) show the SEM micro-
graphs taken from the surface of some large particles.
The micrograph exhibits the presence of nanosheet-like entities
on the surface of the particle, representing the feature of
exfoliation. This may be an indication of the formation of
hydrogen and surface reduction of the particle.

After 4 h of electrolysis, a substantial structural change was
recorded, as can be seen from the XRD pattern shown in Fig. 4c.
In this pattern, the intensities of diffraction peaks related to
Lip.065C00.9350 have been significantly reduced, and those of
cobalt appeared. The Co phase displays a predominantly cubic

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 SEM micrographs of (a) CosO4 pellets sintered at 1300 °C; (b and c) the electrolytic product obtained through the cathodic polarisation of the
pellets at 680 °C under the humid Ar atmosphere at a cell voltage of 1V for (b and c) 2 h, (d) 4 h, (e and f) 6 h, and (g and h) 8 h. (i) EDX elemental analysis

recorded on the area identified in the SEM micrograph of (h).

structure with a smaller fraction of hcp structure. The mor-
phology of the sample, shown in Fig. 5d, is similar to that
obtained after 2 h of electrolysis, consisting of larger particles
of around 10 pm size and much smaller ones.

After 6h of electrolysis, the X-ray diffraction peaks of
Lio.065C00.0350 completely vanished, so that those related to
metallic cobalt could only be detected in the pattern shown in
Fig. 4d. The Co(2p) XP spectrum of the sample (Fig. S2, ESIt)
shows two sharp peaks related to Co® (2ps),) at 781.2 eV and
(2p1s2) at 796.9 eV, as well as two considerably weaker peaks
related to Co>**" (2ps/,) at 786.7 €V and (2p,,) at 803.2 eV.
These results exhibit the dominant presence of metallic cobalt
on the surface,” while a minor quantity of surface oxides can
also be expected.**

The SEM micrograph of the sample, shown in Fig. 5e,
demonstrates that Co particles are in the form of irregularly
shaped crystals, mostly 5-10 um in size. The lower magnifica-
tion image shown in Fig. 5f indicates that the crystalline
particles are rather uniform, confirming the completion of
the phase transitions explained above.

After a longer electrolysis period of 8 h, metallic cobalt
crystals formed with a mixed crystalline structure of fcc and
hep could still be identified in the XRD pattern of Fig. 4e.
Cobalt crystals had a uniform size of around 5-10 pum, as

This journal is © The Royal Society of Chemistry 2020

observed from the SEM micrographs shown in Fig. 5g and h.
The EDX analysis recorded on a crystal in Fig. 5h is shown in
Fig. 5i, demonstrating the formation of pure metallic cobalt.
Further evidence for the formation of metallic cobalt could be
obtained from the photograph of the reduced pellet after 6 h of
electrolysis, as shown in Fig. 1c. The silver-gray appearance of
the pellet, in comparison with the black color of the sintered
pellet (Fig. 1b), is evident.

The results indicate that Co;0, particles have been reduced
to well-faceted cobalt microcrystals. Such large size Co crystals
have not been reported in the literature previously, to the best
of our knowledge. The mechanism involved in the formation of
the Co crystals is discussed briefly in this article.

3.3. Electro-reduction of Coz;0, pellets in the presence of
water as the redox agent

From the XRD patterns shown in Fig. 2, 3 and Fig. S3 (ESIT), we
can assume that before the start of electrolysis at 680 °C, the
pellet had a phase composition of mainly Lig 65C0¢.9350 with a
fraction of Co;0,. The reduction of this material in molten LiCl
in the presence of moist Ar can be explained based on the
chemical and electrochemical events occurring during the
process. As mentioned in the Experimental section, before
the initiation of the electrolysis process, the lithium chloride

Mater. Adv., 2020, 1, 2225-2235 | 2229
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was completely melted and maintained at 680 °C for 30 min,
during the last 10 min of which the humid argon gas was
injected at a rate of 600 cm® min " into the system. Under this
condition, the reaction occurring between molten LiCl and the
incoming water vapor could lead to the formation of HCI and
Li,O, which are both soluble in the molten salt. This leads to the
generation of soluble [H'] and [0*"] species in the melt:**™*”

2LiCl (melt) + H,O (atmosphere) = 2[HCl] ¢ + [Li,Olric

(3)
[HCic1 = 2[H luicr + [Cl Juic (4.1)
[LiyOlict = [Li']ica + [027]L1(31 (4.2)

The Ni wires, wrapped around the cobalt oxide, are con-
ductive. Therefore, under the influence of a cell voltage of 1V,
H* and O®  arising from the interaction of water in the melt
(reactions (4.1) and (4.2), respectively) can be discharged on the
cathodically polarised conductive Ni wires and the graphite
crucible anode to produce cathodic hydrogen and anodic

oxygen.
2[HJric1 + 2 = Hy(g) On the cathode

(5.1)

[0* Juic1 = 0.50, + 2e  On the anode (5.2)

The hydrogen gas produced on the cathode can either
escape from the melt to the atmosphere (reaction (6)) or
alternatively react with the pellet to produce cobalt (reactions
(6.1) and (6.2)).

H, (melt) - H, (atmosphere) (6)

4H, + Co;0, (pellet) = 3Co + 4[H,O]Lic1

AG® = —236.3 kJ at 670 °C (6.1)
0.9675H, + Lij 965C00.0350 (pellet) = 0.935Co
+0.0325[Li,O]tic1 + 0.9675[H,O0lic1 (6.2)

3.4. Mechanism involved in the hydrogen electro-reduction
process

In an electrolytic cell, the reactions occurring on the electrodes
polarised under a cell voltage lead to the generation of an
electric current. Therefore, the plots of current-time and vol-
tage-time can provide valuable information to understand the
mechanism involved in the electrochemical process, which in
our case is the electro-reduction of Co30, (Lig.065C00.9350) to
metallic cobalt. Fig. 6 shows the current-time curve recorded
upon the cathodic polarisation of the Ni wrapped Co;0,
(Lio.065C00.0350) cathode versus the graphite crucible anode
conducted under the humid Ar atmosphere at a low cell
potential of 1 V.

3.4.1. Current-time variations. The I-¢ curve recorded can
be divided into four sections, suggesting four distinct steps
throughout the entire electrolytic process, as indicated in Fig. 6.
At the beginning of the electrolysis, the current decreased from
a high value of 1.14 A to a value of 0.14 A during the initial
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Fig. 6 Changes of the cell current versus the electrolysis time achieved
by conducting the electrolysis at 1 V. Potential differences between the
cathode/anode and the Mo QRE are also shown.

42 seconds after the initiation of polarisation. This section
cannot be clearly recognised in Fig. 6 due to the small time
scale. The initial current drop is mainly attributed to capacitive
current decay. Then, the current is slightly increased to about
0.19 A, which can be due to the reduction of hydrogen cations
from the melt on the conductive Ni wires (reaction (5.1)),
producing hydrogen gas. This represents stage I in Fig. 6.
Thereafter, the current decreases to values in the range of
0.11-0.08 A and remains at the same level for approximately
99 min (stage II). The observed current reduction can be related
to the gradual passivation of the Ni wires, increasing the
surface resistance. The third step in the electrochemical pro-
cess is characterised by a gradual current increase at a slow rate
of 0.001 mA s~ from the minimum value of 0.08 A to 0.22 A
observed at the 464th min of the electrolysis, at which the
whole pellet is supposed to be composed of metallic cobalt.
This observation can be explained based on the fact that the
gradual reduction of cobalt oxide to cobalt by the electroche-
mically produced hydrogen increases the number of electro-
active sites that are capable of acting as fresh conductive
surfaces to discharge further hydrogen cations dissolved in
the melt. This results in an increase in the current value, as
shown in stage III of Fig. 6. This stage can be dominated by the
occurrence of reactions (6.1) and (6.2). An important and interesting
point is that the products of these reactions are metallic cobalt,
water and lithium oxide, and the latters can be instantly
dissolved into the melt to re-generate hydrogen cations based on
reactions (3) and (4.1), and oxygen anions based on reaction (4.2).
Therefore, the occurrence of reactions (6.1), (6.2) and (4.1) at the
stage III leads to the creation of a reduction loop, avoiding the
escape of hydrogen from the melt, shown in the reaction (6).
During the stage III, the hydrogen content of the melt is
maintained at an approximately constant value, but the rates
of reactions (6) and (4) gradually increase with increasing
amounts of reduced metallic cobalt.

At the end of stage I1I, the pellet is mainly cobalt, and therefore
the only dominant reaction should be the reactions (5.1) and (6)
leading to the escape of hydrogen from the system and causing
a shortage of hydrogen cations in the system, and consequently,

This journal is © The Royal Society of Chemistry 2020
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a sharp drop in the current value. Also, the gradual passivation
of the cobalt surface can contribute to the current drop
observed, indicated as the stage IV. This stage could be an
indication of the completion of the reduction reaction. At the
end of stage III, a yield of 1.2 g metallic cobalt could be
obtained, consuming around 4962 coulomb electric charge,
calculated based on the current-time curve shown in Fig. 6.
The power consumption during the electrochemical process
could, therefore, be estimated to be 1150 kW h per ton of the
cobalt product.

3.4.2. Voltage-time variations. The voltage contributions
between the anode and cathode during the polarisation under
the cell voltage of 1 V are presented in Fig. 6. In this figure, the
black and red curves correspond to the electromotive force
between the Mo-QRE immersed in the melt and either the
cathode assembly (black line) or the graphite anode (red line)
recorded throughout the electrolysis process. It can be clearly
seen that the cathodic and anodic potentials vary with the
electrolysis time. First of all, both curves follow the same
pattern, due to the fact that the cell voltage, the sum of
cathodic and anodic voltages, is constant at 1 V. Therefore,
any change in the value of one potential has to be compensated
by the same value for the other voltage. Furthermore, as in the
case of the I-¢ graph (Fig. 6), the V-t curves also exhibit four
distinct stages. Based on the information extracted from these
curves, the electrolysis starts with cathodic and anodic polar-
isation of around —0.35 V and 0.65 V, respectively, contributing
to the high capacitive current observed (this section cannot be
clearly observed in Fig. 6). Then, the values of cathodic and
anodic voltages rapidly change to around —0.25 V and 0.75 V,
respectively. These values correspond to the stage I in Fig. 6,
during which the interaction at the cathode side is mainly
characterised by the high yield generation of hydrogen
(reaction (5.1)) on the fresh Ni wire surfaces.

The reduction in the value of the cathodic voltage indicates
the low voltage required for the reduction of hydrogen cations
on the fresh Ni wires. Then, after about 30 min, a continuous
increase in the cathodic potential (and the corresponding
reduction of the anodic voltage) is observed, corresponding
to the stage II of the I-¢ curve. This stage is associated with
the gradual passivation of the Ni wire surfaces, increasing the
cathodic impedance, and consequently, the increase of the
cathodic voltage and the resulting current drop. During
the stages I and II, the hydrogen produced on the cathode
can also reduce the surface of the cobalt oxide pellet into
metallic cobalt, as observed in Fig. 5c. This phenomenon leads
to a gradual recovery of current and the initiation of the
stage III in the I-t curve. In this stage, the combination of
reactions (6.1), (6.2) and (4.1) will maintain the concentration
of hydrogen cations adjacent to the cathode, and therefore an
efficient reduction of the oxide phase occurs. Then, at the end
of the process, the cathodic voltage sharply increases to
values around —0.5 V due to the passivation of the metallic
cobalt cathode and the shortage of hydrogen cations available
adjacent to the cathode. The passivation is mainly due to the
formation of hydrogen gas on the cathode with no subsequent
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metal reduction. Since the experiment was conducted at a
low cell voltage of 1 V, the increase in the impedance of the
cathode results in a sharp current decay, as observed in the
I-t curve. The mechanism explained above is responsible for the
electrochemical production of hydrogen and the subsequent
chemical reduction of cobalt oxide by the newly generated
hydrogen through different stages, which can be verified
using the characterisation results including the XRD and SEM
data analysis.

3.5. Remarks

Here, we reported the electro-reduction of Co;0, to Co under
the influence of hydrogen produced in a molten salt environ-
ment. As discussed in the previous section, the mechanism
involved in this process is based on the reduction of hydrogen
cations available in the molten salt on metal oxide cathodes to
form hydrogen (reaction (5.1)), which subsequently leads to the
formation of metal and water, according to reactions (6.1) and
(6.2). The water formed based on these reactions can instantly
be dissolved in the molten salt to reform hydrogen cations.
Therefore, theoretically, a small amount of water in molten
salts should be sufficient to reduce a large amount of metal
oxides immersed in the melt at a low cell potential which is just
high enough to decompose water at high temperatures (<1 V).
This mechanism, which is highlighted in Fig. 7, can be applied
for a variety of metal oxides.

Apart from this, the predominantly fcc structure and highly
faceted character of Co crystals formed in this study are
remarkable. It should be noticed that below 420 °C, cobalt
displays a stable hcp crystal structure. At higher temperatures
up to the melting point of 1495 °C, the stable form of Co is fcc.
Table S1 (ESIT) shows the position and intensity of the reflec-
tion peaks observed in the XRD pattern of the electrolytic Co

Molten Salt

Fig. 7 Hydrogen cations present in molten salts can be reduced on
cathodically polarised metal oxides to form water and the corresponding
metal. The dissolution of produced water in the molten salt leads to the
regeneration of hydrogen cations to continue the reduction process.
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produced after 8 h of electrolysis (Fig. 4e). By taking into
account the intensity of diffraction peaks using the Rietveld
method combined with the least squares method to adjust the
structure and peak shape factors, the amounts of fcc and hep
phases in the Co product can be estimated to be 84.12 and
15.88%, respectively. This provides evidence that the fcc phase
content is considerably high in our Co product at room
temperature. The fraction of the fcc-Co phase in our work is
compatible with other methods used to stabilise this phase. For
example, Xie et al.** ball-milled single phase hcp-Co powder
with 1 wt% Y,0; and consolidated the powder via spark plasma
sintering at 1000 °C, leading to the fabrication of a Co material
with around 76 wt% fcc-Co.

To investigate the reason for the stabilisation of the fcc-Co
in our case, the electrolytic Co produced after 8 h of electrolysis
was further analysed to determine its carbon, oxygen and
hydrogen contents. For this, the sample was washed with
distilled water 6 times, kept at —20 °C for 12 h and then
freeze-dried at —50 °C under vacuum for 12 h. The pellet was
then crushed into pieces and ground. The obtained powder was
analysed using a CHNO analyzer, from which the O, H and C
concentrations of the product were measured to be 0.112, 0.113
and 0.008 wt%, respectively, confirming the desirable reduction
of the cobalt oxide to cobalt powder. Moreover, according to
this result, the carbon content of the Co product is very low, but
the hydrogen content is considerably high. The presence of
hydrogen in cobalt crystals can be explained based on the
electrolytic production of hydrogen in molten salt, described
in the section 3.4. The electrolytic hydrogen can diffuse into the
Co powder in the molten salt environment. The hydrogen
doping can, therefore, be responsible for the stabilisation of
the fcc-Co at room temperature. It should be mentioned that
the solubility of hydrogen in Co has scarcely been investigated
in the literature.”>* The current work provides an opportunity
to investigate this phenomenon in molten salt environments in
future works. A possible mechanism involved in the formation
of faceted Co crystals can be based on the formation of
H-doped Co crystallites through the hydrogen reduction of
cobalt oxides and the subsequent growth of these crystallites
into micrometer-sized faceted microcrystals, influenced by the
fast diffusion rates of further reduced Co atoms, under the
influence of the molten salt environment. The possible crystal
shape determining parameters are also worth investigation.

What’s more, the SEM micrograph of Fig. 5h clearly shows that
H-doped Co displays a faceted crystalline morphology. The faceted
crystalline nature of the Co product is interesting, considering that
Co is usually produced by different methods in the form of
polycrystalline particles with no faceted morphology.'*#>*

The formation of faceted metallic crystals has rather rarely
been reported in the literature. For instance, faceted cobalt
crystals were deposited using 20 h of electrolysis of a room
temperature electrolyte containing CoCl,-6H,0 and Nacl at the
pH of 3 using a copper cathode and a Co anode.* Also, rice
ear-like cobalt microcrystals were synthesised through the
treatment of CoCl,-6H,O with N,H,-H,O, NaOH and citric
acid.’® As another example, hcp-Co crystals with sizes of
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around 10 nm were produced through the hydrothermal treat-
ment of Co(AC),-4H,0 and NaF at 180-200 °C for 48-60 h.”’

The molten salt method presented here is capable of
producing well-faceted micrometer-sized fcc-dominated crys-
talline Co by using a clean and scalable method, without the
requirement of using expensive and/or environmentally
unsound chemicals. On one hand, the fcc-Co exhibits an
enhanced level of toughness, making it attractive for applica-
tions such as high-performance cemented carbides.’’?
On the other hand, developing facile methods for the fabrica-
tion of faceted metallic crystals is interesting for both practical
applications and basic research.”®>® For example, hcp-metallic
cobalt microcrystals produced by solvothermal/hydrothermal
methods using chemicals such as CoCl,-6H,0, ethylene glycol
(C,Hg0,), and ethylene diamine (C,HgN,),°® or CoSO,-7H,0,
NaNO;, hydrazine hydrate (N,H,) and NaOH,®' show remark-
ably enhanced magnetic properties due to their highly crystal-
line structure. Moreover, it is known that Co is an effective
catalyst, for which the catalytic reactivity is facet-dependent
and can be highly promoted in faceted crystals.®*%
The physical and mechanical properties of Co crystals pro-
duced by the molten salt method are interesting to study in
future works.

In comparison with solid state electro-deoxidation pro-
cesses, our proposed process uses moisture to promote the
reduction of cobalt oxide at a considerably lower temperature
and cell potential. For instance, for the reduction of Co;0, in
molten CaCl,, a high temperature of 850 °C and a cell voltage of
2.5V are required. Furthermore, a comprehensive dehydration
procedure should be applied to remove moisture from the
system. This procedure includes the heating of the salt at
200 °C for 5 days under vacuum and the pre-electrolysis of
the salt at 850 °C at a constant voltage of 1.5 V for several
hours.?® This energy consumption is not usually included when
the energy usage of these methods is reported. In the method
proposed here, the as-received LiCl is directly heated to the
relatively moderate temperature of 680 °C with no further
treatment. Moreover, the process works at a low cell voltage
of 1 V, which makes the technology scalable.

Zisxik et al.** used SO,, H,O and I, to produce hydrogen at
temperatures above 800 °C, using the energy produced by
molten salt nuclear reactors. Similar sources of heat can be
utilised to melt the salt and to maintain the molten salt
temperature in our case. Considering the low voltage employed
in the proposed technology (1 V), the electricity required can
be produced using photovoltaic cells,®>®® offering a green
methodology for the production of hydrogen and the reduction
of cobalt oxides. Table S2 (ESIf) compares a selection of
different methods used for the reduction of cobalt oxides to
metallic cobalt, based on the data available in the literature.
Fig. S4 (ESIt) summarises the phase transitions from the initial
CoO particles into well-faceted cobalt microcrystals occurring
during the process described in this article. As mentioned,
H-doped Co with a dominant fcc-structure is interesting for
various practical applications such as high performance WC-C
composites, as well as basic research.

This journal is © The Royal Society of Chemistry 2020
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4. Conclusions

The reduction of cobalt oxides to metallic cobalt was achieved
via the cathodic polarisation of oxides in molten LiCl at 680 °C
under a humid Ar atmosphere at a low cell potential of only 1 V.
The mechanism involved in this reduction process was
explained based on the formation of H' from water in the
atmosphere and the discharge of hydrogen cations on the
cathode to form hydrogen gas. The formed hydrogen gas has
the kinetic and thermodynamic capability at the molten salt
temperature to reduce the cobalt oxide phase into metallic
cobalt. The Co product was found to have a faceted morphology
with a stable fcc-dominated crystalline phase that is formed
through the doping of Co with hydrogen. Here, water is the
source of hydrogen in the electrolytic reduction process. After
completion of the hydrogen reduction, water can be
re-generated in the melt. This approach can be considered as
a sustainable way for the preparation of Co with no greenhouse
gas emission. The energy consumption in this approach is
estimated to be 1150 kW h per ton of the reduced cobalt. These
results make the method attractive for large scale operations.
Considering the low voltage employed in the proposed technol-
ogy (1 V), the electricity required can be produced using
photovoltaic cells, offering a green methodology for the produc-
tion of hydrogen and the reduction of cobalt oxides.
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